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impact of deforestation on floods and droughts. Recently, forest hydrology has become a primary
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and detailed progress of research on forest hydrology, the original questions have not yet been fully

answered. Additionally, the knowledge gained through this research has not yet been integrated into

real-world forest and water management. Payment for environmental services (PES) schemes have

recently become available as a new tool for forest and water management; however, most of these

schemes fail to consider recent advances in forest hydrology.

The influence of global warming continues to grow, and extreme weather events are increasing

in frequency, posing a threat to people and property. To sustain and manage forests and water

resources, and to avoid and mitigate disasters, it is important and urgent to understand long-term

hydrological changes in forests and provide robust scientific knowledge on the response of forest and

water resources to those changes. The detection of environmental changes and ecosystem responses

requires baseline datasets based on long-term hydrological observations of forests. In recent years,

the number of long-term forest hydrological observation sites has increased.

This reprint aims to gather both recent scientific research on forest hydrology based on long-term

data, and integrated watershed management based on current research in forest hydrology. Ten

original contributions from China, Japan, United States, Korea, Brazil, Vietnam, Indonesia, and

Slovakia were included.
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Editorial

Long-Term Monitoring and Research in Forest Hydrology:
Towards Integrated Watershed Management

Koichiro Kuraji

Graduate School of Agricultural and Life Sciences, The University of Tokyo, Bunkyo-ku, Tokyo 113-8657, Japan;
kuraji_koichiro@uf.a.u-tokyo.ac.jp

1. Introduction

Forest hydrology, as a discipline, was designed to address fundamental questions
regarding the impact of deforestation on floods and droughts. Recently, forest hydrology
has become a primary discipline in the biophysical sciences to clarify how forests and water
interact. Despite the remarkable and detailed progress of research on forest hydrology,
the original questions have not yet been fully answered. Additionally, the knowledge
gained through this research has not yet been integrated into real-world forest and water
management. Payment for environmental services (PES) schemes have recently become
available as a new tool for forest and water management; however, most of these schemes
fail to consider recent advances in forest hydrology.

The influence of global warming continues to grow, and extreme weather events are
increasing in frequency, posing a threat to people and property. To sustain and manage
forests and water resources and avoid and mitigate disasters, it is important and urgent
to understand long-term hydrological changes in forests and provide robust scientific
knowledge on the response of forest and water resources to those changes. The detection
of environmental changes and ecosystem responses requires baseline datasets based on
long-term hydrological observations of forests. In recent years, the number of long-term
forest hydrological observation sites has increased.

This Special Issue aims to gather both recent scientific research on forest hydrology
based on long-term data, and integrated watershed management based on current research
in forest hydrology.

2. Overview of This Special Issue

This Special Issue collected ten original contributions focused on forest hydrology
based on long-term data and integrated watershed management. Two of them were
developed in China [1,2] and Japan [3,4], while the rest were from the United States [5],
Korea [6], Brazil [7], Vietnam [8], Indonesia [9], and Slovakia [10].

The publications are grouped by general themes: (1) hydrology, (2) sediment yield,
and (3) payment for ecosystem services.

Topic 1 comprises eight publications, including various scales, such as global [2], large
catchment [8], natural lake [4], experimental catchments [5,9], experimental plots [1,3], and
simulations [6].

Hong et al. [1] investigated the negative hydraulic response to seasonal drought by
mono-planting fast-growing species. They tested this hypothesis in a setting involving
(a) a reforestation project, in which they mono-planted eight fast-growing tree species to
successfully restore a 0.2 km2 extremely degraded tropical rainforest, and (b) its adjacent
undisturbed tropical rainforest in Sanya City, Hainan, China. They found that very high
water demand from the wet to dry seasons for the mono-planted fast-growing species
makes recovering the soil water content difficult.

Li et al. [6] investigated the maximum and minimum interception storage of litter
layers using rainfall simulation experiments and examined the effects of litter type and
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rainfall characteristics on the rainfall retention and drainage processes that occur in the litter
layer. Their results indicated that an increase in the intensity or duration of rainfall events
led to an increase in the water retention storage of the litter. However, these factors do not
influence the litter drainage capacity, which depends primarily on the force of gravity.

Wang and Zhang [2] reported research results for trend estimation of river discharge
using a recently developed wavelet-based method, ensemble empirical mode decomposi-
tion (EEMD), which can separate nonstationary variations from the long-term nonlinear
trend. Applying EEMD to annual discharge data of the world’s 925 largest rivers from 1948
to 2004, they found that the global discharge decreased before 1978 and increased after that
year, which contrasts the non-significant trend estimated by the linear method over the
same period. They showed that precipitation had a consistent and dominant influence on
the interannual variation of discharge on all six continents and globally, but the influences
of precipitation and surface air temperature on the trend of discharge varied regionally.

Nainar et al. [3] investigated the impacts of ground litter removal and forest clearing
on surface runoff using a paired runoff plot approach in the Ananomiya Experimental
Watershed, Aichi, Japan. They found that the surface runoff increased four times when
moving from the no-treatment to litter removed before the clearcutting phase, and 4.4 times
when moving from the litter removed before clearcutting to after the clearcutting phase.
The antecedent precipitation index had a significant influence on surface runoff in the
litter removed before the clearcutting phase but not in the no-treatment and after the
clearcutting phases.

Suryatmojo and Kosugi [9] investigated the impact of an intensive forest management
system on soil hydraulic conductivity and the generation of surface runoff in different
river buffer scenarios. Soil hydraulic properties were investigated in 11 plots, including
one virgin forest plot and ten plots at different operational periods of the intensive forest
management system in the headwater region of the Katingan watershed in Central Kali-
mantan, Indonesia. A two-dimensional saturated soil water flow simulation was applied to
generate surface runoff from different periods of intensive forest management. The results
showed that fundamental intensive forest management system activities associated with
mechanized selective logging and intensive line planting reduced soil hydraulic conductiv-
ity within the near-surface profile. The recovery time for near-surface saturated hydraulic
conductivity on non-skidder tracks was between 10 and 15 years, whereas on the skidder
tracks it was more than 20 years.

Amatya et al. [5] tested pre-treatment hydrologic calibration relationships between
paired headwater watersheds and explained the difference in flow compared to previously
published data, using daily rainfall, runoff, and water table in the Santee Experimental
Forest in coastal South Carolina, USA. The objective of this study was to re-evaluate
and re-establish the paired calibration relationship of watersheds recovered since the
1989 hurricane, using climatic data for 2011–2019, which includes large rainfall and dry
events. The results revealed that the historical pattern of runoff difference between the
paired watersheds was maintained in the current baseline assessment. The difference in
the mean monthly runoff between the two watersheds did not vary significantly between
the pre- and post-hurricane periods, indicating complete runoff recovery.

Truong et al. [8] quantified the impact on the water cycle caused by the conversion
of forests to coffee plantations in a tropical humid climate region by the application of a
soil and water assessment tool (SWAT) hydrological model in the Dong Nai River Basin,
Vietnam. They indicated that forest conversion into agriculture significantly increased
surface runoff, while actual evapotranspiration, soil water content, and groundwater
discharge decreased. These changes were mainly related to the decrease in infiltration and
leaf area index after land cover changes. However, the soil was not completely destroyed
after deforestation because the lost forest was replaced with crops and vegetation. Therefore,
changes in infiltration were marginal and insufficient to cause substantial changes in
annual flow.
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Kuraji and Saito [4] identified changes in the relationship between water level and
precipitation in Lake Yamanaka, Japan, by analyzing 93 years of precipitation, lake water
level, and outflow data from 1928 to 2020. They found that the six-day maximum rise in
the water level for the same six-day maximum precipitation was significantly greater in the
latter than in the earlier period, and the difference increased with increasing precipitation.
In particular, large increases in precipitation were sometimes caused by a single event or
multiple events occurring in succession.

Topic 2 comprises one study. Sotiri et al. [7] validated sediment input modelling
by measuring the sediment stock from the long-term siltation estimate in the Passaúna
Reservoir catchment near the Metropolitan Region of Curitiba, Brazil. The sediment yield
was calculated by combining a revised universal soil loss equation (RUSLE)-based model
with a sediment delivery ratio model based on the connectivity approach. For RUSLE
factors, a combination of remote sensing, literature review, and conventional sampling
was used. They showed that the principal factors that create discrepancies in the case
of the sediment budget are mostly associated with the sediment yield model. However,
when including the errors due to the interpolation technique, the underestimation of
sediment yield from the model may become even greater. Although they fully agree that a
RUSLE-based model can reproduce the spatial and temporal patterns of sediment yield
from a catchment, a comparison of the approaches in this study shows that there are
clear limitations in using modelling approaches for reservoir sediment stock or reservoir
lifetime assessment.

Finally, Topic 3 comprises one study. Gallay et al. [10] examined the monetary value of
the ecosystem service provided by the ecosystem corresponding to its actual share in flood
regulating processes, and the value of the property protected by this service was developed
and demonstrated based on an example of the Cierny Hron River Basin, central Slovakia.
The cost of the flood protection ecosystem service was assessed by the method of non-
market monetary value to estimate the avoided damage costs of endangered infrastructure
and calculated both for current and hypothetical land use. They identified areas that are
crucial for water retention and deserve greater attention in management. Additionally, the
monetary valuation of flood protection provided by current and hypothetical land uses
enables competent and well-formulated decision-making processes.

Funding: Part of this work was supported by the Japan Society for the Promotion of Science
[JPJSCCB20190007].

Acknowledgments: I acknowledge all authors of the ten papers in this SI for their contributions.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Reforestation has been assumed as a natural solution to recover soil water content, thereby
increasing freshwater supply. Mono-plantation of fast-growing species is the first step for performing
reforestation to prevent frequent and heavy rain-induced landslide in tropics. However, fast-growing
species may have negative hydraulic response to seasonal drought to maintain high growth rate and,
thus, may make it difficult for reforestation in tropics to recover soil water content. We tested this
hypothesis in a setting involving (a) a reforestation project, which mono-planted eight fast-growing
tree species to successfully restore a 0.2-km2 extremely degraded tropical rainforest, and (b) its
adjacent undisturbed tropical rainforest in Sanya City, Hainan, China. We found that, for maintaining
invariably high growth rates across wet to dry seasons, the eight mono-planted fast-growing tree
species had comparable transpiration rates and very high soil water uptake, which in turn led to
a large (3 times) reduction in soil water content from the wet to dry seasons in this reforested area.
Moreover, soil water content for the adjacent undisturbed tropical rainforest was much higher (1.5 to
5 times) than that for the reforested area in both wet and dry seasons. Thus, the invariably very high
water demand from the wet to dry seasons for the mono-planted fast-growing species possesses
difficulty in the recovery of soil water content. We suggest, in the next step, to mix many native-species
along with the currently planted fast-growing nonnative species in this reforestation project to recover
soil water content.

Keywords: deforestation; freshwater scarcity; hydraulic response to seasonal drought; limited leaf
water supply; recovery of soil water content; tropical rainforest reforestation

1. Introduction

Human beings face a freshwater scarcity problem on account of the steadily increasing freshwater
demand [1]. Currently, soil water content is one of the main freshwater resources [2], and globally,
forests play a key role in maintaining them [3]. Historic human disturbance (e.g., ore mining and
unreasonable agricultural use) have resulted in very high deforestation and degradation in tropical
rainforest worldwide, which in turn has led to a large amount of global freshwater loss [4–7]. Thus,
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a number of reforestation projects have been performed worldwide to alleviate global water loss [8–11].
However, relatively few studies have evaluated the influence of large spatial or temporal reforestation
projects on soil water content, especially in the humid subtropics and the tropics [12].

Forest evapotranspiration and enhanced soil infiltration can increase rainfall and soil water
content [13], which are two main resources of freshwater [2]. Since the tropics would potentially
witness high amounts of deforestation in the near future [14], this in turn may result in a large amount
of freshwater loss. Indeed, many studies have found that the high deforestation in tropics have led to
large scale freshwater loss [15–19]. A previous meta-analysis has found that reforestation-induced
changes of landscape composition and configuration may be an effective way to increase freshwater
supply in the tropics [20]. However, nearly no study has evaluated the influence of large spatial or
temporal reforestation projects on soil water content in humid tropics [8].

Frequent typhoon and heavy rainfall during the monsoon season could easily cause landslides
and tree lodging in tropical rainforest [16–19,21]. This make the reforestation of large areas of highly
degraded tropical rainforests very difficult. Performing reforestation while using mono-plantation of
nonnative fast-growing tree species with high survival rate could help in preventing landslide [22–24].
However, mono-plantation of nonnative fast-growing species may also lead to fast reductions in soil
water content. That is because forest transpiration and its enhanced soil water infiltration are the
key determinants of the final soil water content [9,10]. As shown in Figure 1a, when precipitation is
absorbed into the soil, forest transpiration acts as a pump, as one part of the water is absorbed and
finally lost to the atmosphere. Soil water infiltration, however, is like a sponge that permeates the rest
of the precipitation and finally keeps them in the deep soil layers. Fast-growing trees usually have
high transpiration [11], which may further trigger soil water uptake, reduce soil water infiltration [12],
and thereby result in a low soil water content (Figure 1b). Thus, it may be difficult to recover soil water
content by reforestation using mono-planted fast-growing species.

To investigate this, since 2016, we have performed a reforestation project in Baopoling mountains
(BPL) in Sanya, Hainan island, China, which involves separately mono-planting eight fast-growing
tree species to restore a 0.2 km2 highly degraded tropical forest after ore mining. Specifically, we used
information on the topographic and soil environments in an adjacent undisturbed tropical rainforest
as a reference for this reforestation project. By this way, comparing the differences in transpiration
rates between these eight fast-growing tree species and eight dominant tree species in the adjacent
undisturbed tropical rainforest could reveal whether reforestation based on monoculture of fast-growing
tree species might indeed recover soil water content.

Tree transpiration is also determined by some key tree hydraulic responses including
photosynthesis rate, stomatal conductance, leaf hydraulic conductivity, and drought stress
tolerance [13,25–29]. Functional traits (maximum photosynthesis rate, transpiration rate stomatal
conductance, leaf hydraulic conductivity, and leaf turgor loss point) can directly capture these hydraulic
responses [30,31]. It has been found that there is a seasonal drought in BPL [32], which should result
in different hydraulic responses by the fast-growing “introduced” tree species and the slow-growing
dominant tree species in the wet and the dry seasons. Thus, here, we compared the differences
in these functional traits between the introduced fast-growing tree species and the slow-growing
dominant tree species in the adjacent undisturbed tropical rainforest. We also tested how soil
water content in both the reforestation project and the undisturbed tropical rainforest vary from the
wet to dry seasons. We hypothesized that fast-growing species would develop negative hydraulic
responses (e.g., having much higher transpiration and leaf hydraulic conductivity but lower drought
stress tolerance than the slow-growing dominant tree species) between the wet and the dry seasons,
thereby limiting recovery of soil water content during this reforestation project.
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Figure 1. Hypothesizing (a) the roles of tree transpiration and soil infiltration, and (b) the influences of
fast-growing tree species on soil water content.

2. Materials and Methods

2.1. Study Sites

Our study site was located in the Baopoling mountain, which is a limestone mountain in Sanya
City, Hainan China (BPL, 109◦51′01′′ E, 18◦31′99′′ N; Figure 1). It has a tropical monsoon oceanic
climate with a mean annual temperature of 28 ◦C. The average annual precipitation on the island
is 1500 mm, and most (91%) of the precipitation occurs in the wet season (June to October) [32].
The inhabitants of the village near BPL get their water supply from the nearby pond and the water
works in Sanya city. Additionally, the occurrence of a major cement factory (Huasheng cement factory,
China) near BPL exponentially increases the water demand so that the city sometimes gets very limited
water supply in the dry season. The typical vegetation of the BPL is a species-rich tropical monsoon
broad-leaf forest.
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Due to 20 years of limestone mining associated with the cement industry, this 0.2 km2 highly
degraded tropical forest now consists merely of bare rocks that do not support plant life (Figure 2).
Areas of the BPL outside of this 0.2 km2 degraded area have been significantly disturbed and,
therefore, have remained as a species-rich tropical rainforest (Figure 2). In May 2016, we used
the adjacent undisturbed forest as a reference to perform a reforestation project in BPL with the
aim to recover soil water content and vegetation cover of BPL. The slope and deep soil layers
of the undisturbed forest area were used as a reference to reconstruct slope and soil layers for
the reforested area. Then, refilling of the area was performed with the help of the soil from the
undisturbed tropical rainforest areas to monoculture seedlings (3 m height and 2 cm diameter at
breast height (DBH)) of eight fast-growing tree species: Terminalia neotaliala, Bombax malabarica,
Cleistanthussumatranus, Ficusmicrocarpa, Muntingiacolabura, Acacia mangium, Leucaena glauca and
Bougainvillea spectabilis. Seedlings of these eight fast-growing species were purchased commercially.
These species are known to be fast-growing and have high survival rates within the study region.
Therefore, we reasoned that these eight species should have high potential to prevent landslides
during frequent typhoon and heavy rains. These eight species were separately monocultured
from the top to the bottom of BPL (Figure 2), and planting density for each of the species was
maintained at 100 stems per hectare. The restoration project was finished at the end of the year
2016. In 2019, thirty plots, each of 20 × 20 m2 (an area of 400 m2 for each plot) that were at least
100–300 m apart from one another, were randomly sampled across the adjacent undisturbed old-growth
forest. Within each plot, all freestanding trees with diameter of ≥1 cm at breast height (DBH) were
measured and identified to species. We finally found 80 tree species in the undisturbed old-growth forest,
and we selected the 8 tree species (200–300 stems per hectare) Brideliatomentosa, Radermacherafrondosa,
Lepisanthesrubiginosa, Rhaphiolepisindica, Pterospermumheterophyllum, Fissistigmaoldhamii, Psychotria rubra,
and Cudraniacochinchinensis as our candidate dominant slow-growing tree species.

2.2. Sampling

We selected two sites (A and B) in the reforested and the undisturbed areas, respectively, in BPL
(Figure 2). In the peak of the wet season (August) in 2019, we sampled 20 fully expanded, healthy leaves
from the same five independent individuals for each of the eight fast-growing species and the eight
dominant slow-growing species found in the surrounding undisturbed region. Resampling was
performed in the dry season (February) in 2020. Leaf samples were used to measure five hydraulic
traits: transpiration rate (TR; µmol m−2 s−1), maximum photosynthesis rate (Amass; µmol m−2 s−1),
stomatal conductance (SC; mmol m−2 s−1), leaf hydraulic conductivity (LHC; mmol m−2 s−1 MPa−1),
and leaf turgor loss point (TLP; Mpa). Detailed descriptions of the trait measurements are provided in
the Supplementary Materials. We also collected 30 soil samples at a depth of 0–100 cm at site A and
site B, respectively, to measure soil water content (mg kg−1) gravimetrically. Every soil sample was
homogenized for the whole depth (0–100 cm). Resampling was performed again in the dry season
(February) in 2020.

2.3. Statistics Methods

First, we used a nonparametric test (generalized linear mixed effect model with Poisson error
family) (p < 0.05) to test whether there were differences in transpiration-related functional traits
(transpiration rate, photosynthesis rate, stomatal conductance, leaf hydraulic conductivity, and leaf
turgor loss point) between the eight nonnative and the eight native tropical tree species. We also
compared the differences in soil water content between site A (reforestation area) and site B (undisturbed
area). A generalized linear mixed effect model with Poisson error family was carried out by function
“glmer” in R package “lme4”.
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Figure 2. The map of the study site (Baopoling mountain) and the landscape of the 0.2 km2 highly
degraded area before and after reforestation: leaf samples for the eight nonnative and the native tree
species, and soil samples were collected from both site A (reforestation area) and site B (undisturbed area).

3. Results

The entire project was completed in 2017, and in the past two years, both typhoon and heavy rains
during the wet seasons have never caused landslide and tree lodgings on the reforested site. The mean
precipitation per month in the wet and dry seasons were 1380 mm and 182 mm, respectively (Figure S1
in the Supplementary Materials). The native dominant tree species in the dry season had significantly
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much lower (from 1/5th to 1/2th) transpiration rate, photosynthesis rate, stomatal conductance,
lead hydraulic conductivity, and leaf turgor loss point than those in the wet season (Figure 3; p < 0.05,
generalized linear mixed effect model with Poisson error family). In contrast, compared to the wet
season, nonnative fast-growing species had significantly higher (5 times) transpiration rate and leaf
hydraulic conductivity, but photosynthesis rate, stomatal conductance and leaf turgor loss point were
not significantly different (Figure 3). In the wet season, nonnative species have significantly higher
(from 2 to 4 times) transpiration rate, photosynthesis rate, stomatal conductance, and leaf hydraulic
conductivity but comparable leaf turgor loss point, compared to those of the native species (Figure 4).
During the wet season, all five traits for nonnative fast-growing tree species were much higher (6 times)
than those for native dominant tree species (Figure 4).

Soil water content slightly decreased from the wet to the dry seasons, in the undisturbed ecosystem,
whereas soil water content in the wet season was 2.1 times the dry season in the reforested area
(Figure 5). Moreover, soil water content for the undisturbed ecosystem is much higher (1.5 to 2.5 times)
than those for the reforestation project in both the seasons (Figure 5).

Figure 3. Differences in each of the five hydraulic traits (transpiration rate (TR), maximum photosynthesis
rate (Amass), stomatal conductance (SC), leaf hydraulic conductivity (LHC), and leaf turgor loss point
(TLP)) between the wet and the dry seasons for the fast-growing species used for reforestation as well
as the dominant slow-growing species in the adjacent undisturbed tropical rain forest. *** indicates
p < 0.05 and NS (nonsignificant) indicates p > 0.05 based on a generalized linear mixed effect model
with Poisson error family. Bars indicate the mean values, and error bars denote standard errors.
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Figure 4. Differences in each of the five hydraulic traits (transpiration rate (TR), maximum photosynthesis
rate (Amass), stomatal conductance (SC), leaf hydraulic conductivity (LHC), and leaf turgor loss point
(TLP)) between the fast-growing species used for reforestation and the dominant slow-growing species
in the adjacent undisturbed tropical rain forest in the dry and the wet seasons, respectively. *** indicates
p < 0.05 and NS (nonsignificant) indicates p > 0.05 based on a generalized linear mixed effect model
with Poisson error family. Bars indicate the mean values, and error bars denote standard errors.

Figure 5. Differences in the soil water contents of reforested area and its adjacent undisturbed tropical
rainforest ecosystem in the wet and the dry seasons. *** indicates p < 0.05 and NS (nonsignificant)
indicates p> 0.05 based on generalized linear mixed effect model with Poisson error family. Bars indicate
the mean values, and error bars denote standard errors.

4. Discussion

Using a large area of reforestation project, we evaluated whether reforestation could recover soil
water content in humid tropic. The reforestation in this project was conducted by mono-planting
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eight nonnative fast-growing tree species to recover a highly degraded tropical rainforest ecosystem;
We hypothesized that the very high photosynthesis water demand across wet and dry seasons by the
mono-planted nonnative species might result in equally high soil water uptake thereby leading to a
very low soil water content. Therefore, in the current stage of this reforestation project, it cannot help
recover soil water content.

We found that the mean precipitation in the dry season is merely 1/3 of those in the wet season.
Moreover, we found that the eight native species had much lower leaf turgor loss point in the dry
season than that in the wet season. Lower leaf turgor loss point is usually observed when a leaf
cannot get enough water supply [33]. These results indicated that all the native trees have very limited
water supply in the dry season. Limited water supply usually would constrain the photosynthesis
rate [34], which in turn could decrease the transpiration rate, stomatal conductance, and leaf hydraulic
conductivity to decrease the photosynthesis water demand [25,27,35]. Indeed, in the dry season,
the eight native tree species had lower transpiration rate, photosynthesis rate, stomatal conductance,
leaf hydraulic conductivity, and leaf turgor loss point than those in the wet season. In addition,
lower TLP also indicated higher drought stress tolerance [36]. As a result, for adapting to the limited
water supply in the dry season, native species were inclined towards having low photosynthesis water
need and high drought stress tolerance, which in turn resulted in lower soil water uptake but higher
soil infiltration, thereby maintaining a very high soil water content. Consistent with this hypothesis,
we observed a slightly decreased soil water content from the wet to the dry seasons. Thus, native tree
species’ appropriated hydraulic responses to seasonal drought could result in a slight decrease in the
soil water content from the wet to the dry seasons.

Fast growth usually requires a high photosynthesis rate [30,31,37], which in turn leads to
higher transpiration rate, stomatal conductance, and leaf hydraulic conductivity [13,25–28]. Indeed,
we found that the eight nonnative species had much higher transpiration, photosynthesis rate,
stomatal conductance, and leaf hydraulic conductivity than those for native species in both seasons.
This demonstrated that these nonnative species require high photosynthesis water demand to maintain
a very high maximum photosynthesis rate, which in turn may lead to lower soil water content [34].
Indeed, soil water content, as indicated in the reforestation project, is much lower than those for the
undisturbed tropical rainforest ecosystem. Thus, use of mono-plantation of fast-growing tree species
would lead to very low soil water content. This has also been observed in rubber and Eucalyptus

monocultures [29,38]. In contrast, native species could facilitate higher soil water content than the
nonnative species, which has also been observed in other reforestation projects [39].

We did not find significant differences in leaf turgor loss point (TLP) between nonnative and native
species in the wet season, whereas nonnative species had much higher TLP than that for native-species
in the dry season. Moreover, TLP for nonnative species did not vary from the wet to dry seasons.
These results indicated that, in the wet season, both the nonnative and the native species could have
enough leaf water supply, which leads to comparable TLP between the nonnative species and the native
species. In contrast, a very limited leaf water supply might have helped the native species in their
higher drought stress tolerance but native species had enough leaf water supply. It is very surprising
that the photosynthesis rate for nonnative species are much higher (5 times) than those for native
species in the dry season and that the photosynthesis rate for nonnative species did not vary between
the wet and the dry seasons. Thus, the nonnative species should require much higher leaf water supply
than the native species in the dry season: this appears impossible due to the limited water supply in
the dry season. One possibility is that nonnative species tend to have higher transpiration and leaf
hydraulic conductivity that absorb a large amount of soil water. This could help the plants maintain
leaf water supply, thereby having higher photosynthesis rates in the dry season. Indeed, fast-growing
species had high transpiration rates and leaf hydraulic conductivities. Moreover, soil water content in
the reforestation area in the dry season was considerably less than in the wet season and it was also
significantly less than that for the undisturbed ecosystem in the dry season. As a result, very high
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water demands for the mono-planted non-native species might have resulted in very high soil water
uptake, which in turn would lead to a very low soil water content.

5. Conclusions

Here, we found that the very high water demand by the nonnative species across the whole year
in this reforestation project raises difficulties for retaining high soil water content. The adjacent native
species’ low water needs and the high drought stress tolerance could help restore high soil water content
in the dry season. Although reforestation based on mono-planting fast-growing tree species does not
seems to maintain high soil water content, we still suggest fast-growing tree species to be the first step
in performing reforestation of degraded tropical forests, as this could help prevent landslides and tree
lodgings that occur due to frequent typhoons and heavy rains in the tropics. Moreover, plantation of
fast-growing tree species could also increase microbial diversity and abundances [40]. In addition,
fast-growing tree species dominated tropical rainforest in early successions, and the slow-growing
tree species will gradually replace the fast-growing tree species in late succession, when soil nutrient
and water are not enough to sustain the growth and survival of fast-growing tree species [41]. Thus,
plantation of fast-growing tree species could also facilitate the recovery of the original tropical rainforest
in BPL. However, for gradually recovering soil water content in BPL, we suggest mixing adjacent
native tree species with these mono-plantation. However, the following studies should be performed
in the future when planning to mix the adjacent dominant tree species with fast-growing tree species:
(1) after what time should the native tree species be replanted together with fast-growing species?
(2) Once native trees have been planted with fast-growing trees in the reforestation project, will and by
when should the soil water fully recover to the levels of undisturbed forests.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/11/3077/s1,
Figure S1: The variations of mean precipitation in wet (June to October) and dry seasons (November to May)
based on precipitation record per month from the local weather bureau in Sanya City, China, Text S1: Methods for
functional trait measurements.
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Abstract: Trend estimation of river discharge is an important but difficult task because discharge
time series are nonlinear and nonstationary. Previous studies estimated the trend of discharge
using a linear method, which is not applicable to nonstationary time series with a nonlinear trend.
To overcome this problem, we used a recently developed wavelet-based method, ensemble empirical
mode decomposition (EEMD), which can separate nonstationary variations from the long-term
nonlinear trend. Applying EEMD to annual discharge data of the 925 world’s largest rivers from
1948–2004, we found that the global discharge decreased before 1978 and increased after 1978,
which contrasts the nonsignificant trend as estimated by the linear method over the same period.
Further analyses show that precipitation had a consistent and dominant influence on the interannual
variation of discharge of all six continents and globally, but the influences of precipitation and surface
air temperature on the trend of discharge varied regionally. We also found that the estimated trend
using EEMD was very sensitive to the discharge data length. Our results demonstrated some useful
applications of the EEMD method in studying regional or global discharge, and it should be adopted
for studying all nonstationary hydrological time series.

Keywords: discharge trend; discharge variation; nonlinear and nonstationary; ensemble empirical
mode decomposition

1. Introduction

River discharge to the world oceans is an important component of the global hydrological cycle.
In a steady state, the amount of global river discharge is roughly balanced by land precipitation
that originates from ocean evaporation. As a result of climate change, increasing atmospheric CO2,
land-use change, and so on, both the regional and the global water cycle deviated from the steady
state [1–4]. Accurately quantifying the trend of global river discharge is important for understanding
how various external factors, climate change, land-use change, atmospheric CO2, and water availability
on land influenced the hydrological cycle. However, the estimated trends of global river discharge have
not been consistent among different studies, ranging from a significant increase [5] to no significant
trend [6,7]. The reason for this discrepancy can be explained by the differences in the number of
gauging stations used, in the period of investigation, or in the method used to estimate trends [8].

Using the constructed runoff time series of the 221 largest rivers over the 20th century, Labat et al. [5]
found that global river discharge increased significantly at a rate of 4% increase per 1◦ global warming.
However, the result was questioned by other studies [6,9,10]. On the other hand, Dai et al. [6]
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collected observations from multiple sources and used Community Land Model (CLM) Version 3
in offline mode to fill the gaps in the observed discharge time series. According to the dataset of
historical monthly streamflow at the farthest downstream stations for the world’s 925 largest rivers
from 1948–2004, Dai et al. [6] found that only about one-third of rivers showed statistically significant
trends during 1948–2004, with the rivers having downward trends outnumbering those with upward
trends. Their conclusion is also consistent with some other studies [8,11,12].

Trend identification is an important and difficult task in hydrological time-series analysis [13].
The trend is often taken as the tendency over the whole data span, and it is often estimated by
fitting a preselected function to the data. However, mathematically, the trend is an intrinsically
monotonic function only when there can be at most one extremum within a given data span [14].
Even using the same dataset, an inaccurate trend computing method can lead to erroneous results.
Following Wu et al. [14], here, we define trend as the residue of data after removing the components of
the data with frequency higher than a threshold frequency. If the functional form of the trend is not
preselected, the processes of determining the trend must be adaptive to accommodate for nonstationary
and nonlinear properties in the time series.

To quantify the trend of discharge, the rank-based nonparametric Mann–Kendall (MK) [15,16]
method is often used [17,18]. The MK method assumes that the time series is stationary and that the
trend is linear over the data span, which may not be true for most discharge time series. As defined
by Sun et al. [19], a time series is considered to be stationary only if (1) the mean is constant,
and (2) autocorrelation depends only on the relative position in the time series. Using this definition,
we found that nearly all time series of river discharge we studied here are nonstationary. However,
there are some modification versions of the MK method [17,18,20,21], for example, the MK test uses
a pre-whitening process to account for significant autocorrelation or to take long-term persistence
into account using Hurst coefficient [21,22]. These modifications still cannot overcome the difficulties
of the MK method with a nonlinear trend of nonstationary time series. To overcome this issue of
nonstationarity of global river discharge, we used a recently developed ensemble empirical mode
decomposition (EEMD) [23,24] method in this study. The main benefits of EEMD are that it can separate
nonstationary variations from the long-term trend, and the trend is estimated empirically without any
prior assumption about the shape of the trend [25].

Recently, the EEMD method was applied to hydro-meteorological studies. Ji et al. [26] used
the EEMD method to compute the global land surface air temperature trend from 1901–2009.
They demonstrated that warming accelerated over most of the 20th century and the acceleration
was much greater after 1980 than that calculated using a linear method. Chen et al. [25] used the
EEMD method to calculate the increasing rate of global mean sea-level rise (GMSL) from 1993–2014.
The results show that GMSL has been rising at a greater rate than previous decades and is expected
to accelerate further over the coming century. More recently, Pan et al. [27] used multidimensional
EEMD to compute vegetation trends and found that they were spatially and temporally nonuniform
during 1982–2013. Their results showed that most vegetated areas exhibited greening trends in the
1980s. Both these studies had some new findings based on the EEMD method beyond the linear trend
estimation methods used before. To our best knowledge, the EEMD method has not been used to
compute a global discharge trend.

In this study, we used a recently developed wavelet-based EEMD method to compute the global
and regional discharge trend of the 925 largest rivers in the world from 1948–2004. We then decomposed
the river discharge time series into its trend and variance and quantified how much the trend and
variance of discharge of six major continents or globally were correlated with precipitation or surface
air temperature. The objectives of this study were to (1) compare the differences in the estimated
trends of regional and global river discharges using EEMD and the linear MK method, (2) quantify the
influences of precipitation and surface air temperature on the trend or variance of regional and global
river discharges, and (3) analyze the sensitivity of the estimated trend using EEMD to the length of
river discharge data. This paper is organized as follows: Section 2 lays out methods and datasets used
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in this study; Section 3 provides the results; discussions and conclusions are summarized in Sections 4
and 5.

2. Method and Dataset

2.1. Ensemble Empirical Mode Decomposition

Empirical mode decomposition (EMD) is an adaptive method that decomposes a time series of
data x(t) locally into a few oscillatory components (so-called intrinsic mode functions, IMFs, cj(t)) and
a residual component [28] as follows:

x(t) =
n
∑

j=1

c j(t) + rn(t) + ε.

An IMF, ci, must satisfy two conditions: (1) in the whole dataset, the number of extrema and the
number of zero-crossings must either be equal or differ at most by one; (2) at any point, the mean value
of the upper and lower envelopes is zero. Each IMF is associated with different oscillatory modes
embedded in the original series [29]. The residual component, rn, can be a constant, a monotonic
function, or a function that contains only one extremum [14]. By definition, the residual in the EMD
can be considered as an estimator of the trend of the original time series [14]. ε is the error term.

The ensemble EMD or EEMD is an extension of EMD by adding multiple white noise realizations
to the original time series x(t) before decomposition to reduce likely discrepancy caused by random
errors. In this study, we perturbed the original time series by adding 10 white-noise random realizations
with zero mean and a standard deviation of ε, and we used EMD to obtain the estimates of different
IMFs for each of the 10 perturbed time series. We then obtained the ensemble average of respective
IMFs using 10 different estimates. As compared to EMD, EEMD reduces the effects of random data
errors on the estimated IMFs and estimates low-frequency IMFs more accurately [25].

2.2. Global Discharge Dataset

In this study, we used the monthly streamflow data at the farthest downstream stations for the
world’s 925 largest ocean-reaching rivers from 1948–2004 as compiled and gap-filled by Dai et al. [6]
(http://www.cgd.ucar.edu/cas/catalog/surface/dai-runoff/). Figure S1 (Supplementary Materials) shows
the distribution of the gauge stations included in this study. The river runoff data in the dataset cover
~80% of global ocean-draining land areas and amount to about 73% of global total land runoff on average.
The dataset consists of harmonized observations from several data centers, including the Global Runoff
Data Center (GRDC; http://grdc.bafg.de), the National Center for Atmospheric Research (NCAR;
http://dss.ucar.edu/catalogs/ranges/range550.html), the University of New Hampshire (UNH; http:
//www.r-arcticnet.sr.unh.edu/v3.0/index.html), the United States (US) Geological Survey (http://nwis.
waterdata.usgs.gov.nwis/), the Water Survey of Canada (http://www.wsc.ec.gc.ca/hydat/H2O/), the
Hydrologic Cycle Observation System for West and Central Africa (AOSHYCOS; http://aochycos.ird.
ne/INDEX/INDEX/HTM), and the Brazilian Hydro Web (http://hidroweb.ana.gov.br/). For most rivers,
the records for 1948–2004 are fairly complete. The remaining gaps were filled using the Community
Land Model Version 3 (CLM3) forced with observed precipitation and other atmospheric forcing.

The dataset also adjusted the original observed data to account for the effect of gauge location
when the gauges were located some distance away from the river outlets to the oceans. For example,
the farthest downstream stations for many rivers are often hundreds of kilometers away from the
river mouths; thus, the observed discharge was corrected by multiplying the observed station flow
by a ratio of the flow rates at the river mouth and the station simulated by a river routing model
forced by the observation-based estimates. To our best knowledge, the data of Dai et al. [6] are the
most complete dataset of global river discharge at present and were, therefore, chosen for this study.
We found that the constructed time series faithfully reproduced the observed discharge rates for all
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925 rivers. Figure S2 (Supplementary Materials) shows the constructed discharge time series of the
10 largest rivers (sorted by annual mean discharge volume) in the world, along with the gauge observed
discharge values.

2.3. Global Precipitation and Surface Air Temperature Datasets

As global datasets of precipitation (P) and surface air temperature (T) are very important for
understanding global discharge changes, we used two P products (Global Precipitation Climatology
Centre, GPCC and Climatic Research Unit Time series 4.0, CRU TS4.0) and two T products
(Climate Research Unit Temperature, CRUTEM4 and Goddard Institute for Space Studies Temperature,
GISTEMP) in this study to quantify their relationships with the discharge variation and trend
in global and regional scale. The reason that two sets of P and T datasets were used was
to understand the effect of data uncertainty on the subsequent analysis results. The monthly
GPCC rainfall data were derived from a large number of quality-controlled station data (https:
//www.esrl.noaa.gov/psd/data/gridded/data.gpcc.html) from 1901 to present. The monthly CRU
TS4.0 rainfall dataset is based on the analysis of over 4000 individual weather station records
(https://crudata.uea.ac.uk/cru/data/hrg/) from 1902 to 2016. Both data products we used were gridded
to 0.5◦ by 0.5◦ spatial resolution.

The monthly CRUTEM4 data product developed by the Climate Research Unit in conjunction with
the Hadley Center includes land air temperature anomalies on a 5◦ by 5◦ spatial resolution [30] from
1850 to present. Raw station data used to produce CRUTEM4 are available from the Met Office website
(https://www.metoffice.gov.uk/hadobs/crutem4/). The monthly GISTEMP data product produced by
Goddard Institute for Space Studies includes estimates of global land surface temperature change [31]
(https://www.esrl.noaa.gov/psd/data/gridded/data.gistemp.html) with a spatial resolution of 2◦ by 2◦

from 1880 to present.

3. Results

3.1. Global Continental Discharge Trend

A time series is considered stationary if (1) the mean is constant and (2) the autocorrelation
only depends on the relative position in the time series [19]. Using this definition of stationarity,
we evaluated all 925 river discharge data from 1948 to 2004 and found that none of the discharge time
series were found to be strictly stationary.

Using the total discharge from 925 river basins to approximate the global river discharge,
we decomposed the global discharge time series into four IMFs and one trend component using
EEMD (see Figure 1). The first IMF mode had a wide spectrum and represented synoptic oscillations
with periods ranging from 2 years (1/0.47) to 8 years (1/0.12) (see Figure 1g). The second IMF
represented variance with periods from 5 years (1/0.2) to 20 years (1/0.05) and centered at around
9 years (see Figure 1h). The third IMF contained mostly interdecadal variations with periods between
9 years (1/0.11) and 20 years (1/0.05) (see Figure 1i). The 20 year to 50 year interdecadal variations were
mostly captured by the fourth IMF (see Figure 1j). The differences between original time series and the
sums of all four IMFs represented the trend (see Figure 1f).

Results from Figure 1f show that global river discharge decreased from 1948 to 1978, and then
increased after 1978. This contrasts the result of no significant trend as estimated by the MK method
that imposes a linear fit to a nonlinear trend (see Figure 1a). The estimated trend using the EEMD
method in this study is consistent with previous studies that found significant shifts in global discharge
trend around the 1970s from 1901 to 2002 [1,32,33].
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Figure 1. Annual global freshwater discharge from 1948 to 2004 (a), and its decomposition into four
intrinsic mode functions (b–e) and trend (f) using ensemble empirical mode decomposition (EEMD).
The red line in (a) represents the trend estimate using the Mann–Kendall (MK) method, and the power
spectrum of each intrinsic mode function (IMF) is also shown in (g–j).

Another advantage of EEMD is its ability to quantify the contribution of variance at different
timescales to total variance of the observed time series. Using the results in Figure 1, we estimated that
variance contributions were 41%, 25%, 10%, 9%, and 15% from the first, second, third, and fourth IMFs
and the trend. The greater contribution by the trend than the third and fourth IMFs also suggests that
the trend was nonlinear.

3.2. Spatial and Temporal Variation of River Discharge Trend from 1948 to 2004

We compared the estimated trends by EEMD with those by MK for all 925 rivers. Consistent with
the estimates by Dai et al. [6], our results using the MK approach showed that the discharge of about 80%
of 925 rivers had no significant trends from 1948 to 2004, and that the number of rivers with significantly
downward trends (116) was about twice as many as the number of rivers with significantly upward
trends (48) (see Figure 2a). Contrary to the estimated trends using the MK method, estimates using
EEMD showed that more than 70% of 925 rivers had significant trends from 1948–2004, including 292 of
them with significantly upward trends in the regions of northern high latitudes, southeast North
America, and southeast South America. Among those 70% rivers with significant trends, 442 of them
had significantly downward trends, mainly in low latitudes. Only 191 rivers did not have significant
trends from 1948–2004 (see Figure 2b). Because all discharge time series were not stationary, the trends
estimated using MK method were not reliable. Our results are consistent with Nohara et al. [34] who
found significant increases in the discharge of rivers in the northern high-latitude regions because of
the increased precipitation. The downward trends for rivers in the subtropics found in this study are
also consistent with Sun et al. [35] and Solomon et al. [36].
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Figure 2. Trends of 925 river discharges to the ocean from 1948–2004 as estimated using MK (a) or
EEMD (b) methods. Stations with significant upward (downward) trends are shown in red (blue),
while white circles represent no significant trend. The log transform of annual volume discharge is
proportional to the area of each circle, and each circle is located at the mouth of the watershed.

We also analyzed the temporal variations of the trends of all 925 river discharges and found
that the trends of all river discharges were nonlinear over time. Figure 3 shows the annual mean
discharge and its long-term trend using the EEMD method for the 10 largest rivers (sorted by annual
mean volume) in the world. Results show that, for each river, that EEMD estimated a nonlinear
trend, while the MK test gave nonsignificant trends for all 10 rivers except for river Congo with a
significant downward trend and rivers Yenisey and Parana with significant upward trends (see Table
S1, Supplementary Materials). Because of their trends being nonlinear over time, particularly for
those rivers with a variable direction of change in the trend, the linear method is likely to give
erroneous estimates.
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Figure 3. The constructed discharge time series of the 10 largest rivers (black curve) and their trends
(blue curve) as estimated using the EEMD method from 1948–2004.

3.3. Influences of Changing Trend and Variance of P and T on the Trend and Variance of River Discharge

Both theoretical studies and observations show that P and T likely influence variation and trend
of river discharge [5], in addition to surface properties, such as vegetation and soil types, leaf area
index, and so on. Here, we separately analyzed the correlations of detrended P or T with the detrended
discharge or correlations of their respective trends. Figures S3 and S4 (Supplementary Materials)
show the two global P products and two global T products we used in this study and their long-term
trend computed by the EEMD method.

Because of the likely regional variations in discharge sensitivities to P or T variations, we grouped
the discharge data, P and T, into six major continents or globally for correlation analysis. Across six
continents or globally, variations in the detrended P and the detrended discharge time series were
significantly and positively correlated, with the highest correlation valued about 0.7 for the Asian
continent (see Figure 4). These correlations varied very little between the two different precipitation
data products. However, correlations between the trends of P and discharge varied across different
continents, being significantly positive for the African and Asian continents, significantly negative
for the European and Oceanian continents, and not significant for the North American and South
American continents. Correlations in the trends between discharge and P also differed between
the two precipitation data products, being significantly positive for GPCC rainfall on a global scale,
but insignificantly different from zero for the CRU TS4.0 data product on a global scale, suggesting
relatively large uncertainties in the correlations of trends.

We also correlated the detrended and trend of discharge time series with two different products of
global T. Correlations between the two detrended time series of discharge and T varied from region
to region, being positive for African and Asian continents and negative for the other four continents.
The correlation was only significant for Asia and South America for both products and Oceania for
the CRUTEMP4 product. Globally, the detrended discharge was not significantly correlated with the
detrended T for both temperature products (see Figure 5a). For the trends, T was negatively correlated
with discharge across all six continents, and the correlation was only significant for Africa, Europe,
and Oceania for both T products and South America for the CRUTEMP4 product (see Figure 5b).
Globally, the trends of T and discharge were also significantly negatively correlated (see Figure 5b).
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Figure 4. Correlations of (a) the detrended time series of annual precipitation and discharge from
1948 to 2004; (b) the trends of precipitation and discharge from 1948 to 2004; the red star represents
significant correlation at the 95% level.

 

 

Figure 5. Same as Figure 4 but for the correlations between (a) the detrended time series of annual
surface air temperature and discharge from 1948 to 2004; (b) the trends of surface air temperature and
discharge from 1948 to 2004; the red star represents significant correlation at the 95% level.

3.4. Sensitivity of the Estimated Global Continental Discharge to the Length of Data Record

The estimated trend by EEMD can be sensitive to the data length. We compared the estimated
trends using MK or EEMD methods for Dai’s global discharge data series with different ending and
starting times (see Figures 6 and 7). The discharge data included three periods with very high or low
discharge rates, e.g., very high rates from 1948 to 1951 and from 1974 to 1975, and very low rates
in 1992. The results in Figure 6 show that the estimated trends using the MK method were rather
insensitive to the ending year. Depending on whether the two periods of very high (1974–1975) or low
discharge (1992) were included or not, the trend estimated using EEMD could go up (see the red curve
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in Figure 6b) or down (see the blue curve in Figure 6b). Different sensitivities for the starting year of the
estimated trends using the two methods are further illustrated in Figure 7. Overall, the linear trends as
estimated using the MK method were not significantly different from zero. However, the estimated
trend using the EEMD method could vary significantly, depending on whether the very high discharge
period (1948–1951) was included or not. Only when the observed discharges of 1948–1951 were
included, the trend in global discharge as estimated using the EEMD method decreased from 1948
to 1978 and then increased. The abnormally high discharge from 1948 to 1952 resulted in the global
discharge time series being nonstationary with a nonlinear trend. This nonlinear trend was more
accurately quantified using EEMD than using the MK method.

 

Figure 6. Sensitivity of the estimated trends to the same starting year (1948) but different ending year
of global runoff data. Different colors represent the estimated trends for ending times of 1979, 1984,
1989, 1994, 1999, and 2004. The estimated trends are shown in (a) for the MK method and (b) for the
EEMD method.

 

Figure 7. Same as Figure 6, but the trends calculated based on global discharge data with the same
ending time (2004), but different starting years of 1948, 1953, 1958, 1963, 1968, and 1973. The estimated
trends are shown in (a) for the MK method and (b) for the EEMD method.
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4. Discussion

The EEMD method presented here showed its advantage in dealing with nonstationary time series
with a nonlinear trend. As the widely used MK method for trend quantification assumes stationarity,
it is not strictly applicable to nonstationary time series such as river discharge. This study found that
the MK method significantly underestimated the number of world’s major rivers with significant
trends and the trends themselves, as compared with the EEMD method.

At a regional scale, contrary to the estimated trend of the MK method, estimates using EEMD showed
that more than 70% of 925 rivers had significant trends from 1948–2004. The rivers with significantly
upward trends were mainly located in the regions of northern high latitudes, southeast North America,
and southeast South America, while those with significantly downward trends were mainly located
in low latitudes. The decrease in precipitation over low- and mid-latitude areas and the increase in
precipitation at high latitudes may have been the major cause for the change in river discharge over those
different regions from 1948–2004 [6,37].

The observed great warming at high latitudes may have also contributed to the observed increase
in discharge in those regions. Nijssen et al. [38] found that the predicted warming in high-latitude
basins was greatest during the winter months, which may lead to the stored snow melting as stream
flow. The rising temperature also results in increases in oceanic evaporation and, consequently,
increased precipitation and runoff over land [6]. Furthermore, surface warming at high latitudes has
caused a degradation of the permafrost, which may also contribute to increases in discharge trend at
these latitudes [12]. As a result, this leads to the hypothesis that there will be an intensification of the
global water cycle, especially at high latitudes [5]. However, our study showed that the process may
be more complex because the climate system is highly nonlinear. The effect of climate change on global
water cycle also exhibits some nonlinearities.

More importantly our analysis showed that variations in precipitation had dominant influences
on the variances in river discharge both regionally and globally, while the trends of discharge might
be influenced by many other factors, including atmospheric CO2, land-use change, and climate
change [33,39,40]. This means that the variation in continental discharge is mainly caused by climate
variance, while the causes of the change in discharge trend are more difficult to identify. However,
correctly quantifying the observed trend of regional or global discharge is a prerequisite. Because of
large regional and temporal variations in the trends of the observed river discharges, attribution
studies of discharge trend should focus on different regions using global land models, such as those by
Gedney et al. [39] and Piao et al. [40].

The estimated change in the trend of global river discharge around 1978 had significant implications
for our interpretation of how various external factors influenced the global hydrological cycle over
time. Globally, the river discharge decreased before 1978 and increased after 1978, while global surface
temperature increased steadily over the study period, which is different from the estimated sensitivity
by Labat et al. [5] showing that the river runoff is increasing with global warming. According to
the increasing trend of global discharge as estimated by Labat et al. [5] using the MK method,
Gedney et al. [39] attributed the decrease in evapotranspiration to increasing atmospheric CO2 as the
dominant cause, while land-use changes, climate change, or increased precipitation were considered
as the major causes by other studies [33,40]. If the trend differs in direction before and after 1978,
the claim highlighting increasing CO2 alone as the likely cause is unlikely to hold [41]. Future studies
should focus on why the trend changed from a downward trend before 1978 to a small upward trend
after 1978.

Because the trend of global river discharge is nonlinear, the estimated trend can be affected by the
uncertainties and lengths of the observed datasets [10]. This study also showed that the estimated
trend of global river discharge from 1948 to 2004 using EEMD was very sensitive to the unusually
high discharge rate in the first 4 years. The difference in the estimated trend of global river discharge
between the previous two studies by Labat et al. [5] and Dai et al. [6] may have resulted from the
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different amount of data (221 vs. 925 rivers) and different period (the whole 20th century vs. 1948 to
2004). Therefore, it is important to compare the estimated trend for the same period.

Water demands (especially for irrigation systems) are also a factor that influence the continental
discharge trend. To demonstrate this kind of effect, we used the Global Map of Irrigation Areas
(GMIA) version 5 (http://www.fao.org/nr/water/aquastat/irrigationmap/index10.stm) from the Food
and Agriculture Organization (FAO) of the United Nations to show whether irrigation had a significant
effect on continental discharge trend (Figure S5, Supplementary Materials). At the global scale,
northern India and the North China Plain are the most intensive irrigation areas, while others have very
low percentages of irrigation practices (Figure S5a, Supplementary Materials). However, these two
places mainly used groundwater to irrigate (Figure S5c, Supplementary Materials). We concluded that
irrigation may have little effect on the global continental discharge trend. In this study, we did not
conclude irrigation as one of the impact factors on the global continental discharge trend. Our result is
consistent with Haddeland et al. [42], who found that the impact of manmade reservoirs and water
withdrawals on the long-term global terrestrial water balance was small.

Our results have other implications, e.g., they provided a new idea to better quantify model
simulation uncertainties. Land surface and hydrological models always simulate gridded runoff [43].
The model-simulated runoffmay contain significant bias due to errors in the meteorological forcing
data and model structure. However, runoff is difficult to measure directly, while discharge over
most of the world’s major rivers has been monitored by stream gauges for many decades [6]. Thus,
historical records of discharge provide a measure of basin-integrated runoff, and they have been used
to calibrate model-simulated runoff field. Nevertheless, it is difficult for models to fully simulate
the long-term time series of runoff/discharge. If the models can exactly simulate the long-term trend
of runoff/discharge, they will also be of great reference value. Accurately identifying the discharge
trend is the basis of the abovementioned model evaluations. In the future, it is necessary for model
developers to not only reduce the uncertainties of time series modeled discharge, but also to accurately
simulate the nonlinear discharge trend.

Our study also has implications for guiding future water use in people’s production and life.
The global water cycle is expected to change over the 21st century due to the combined effects of climate
change and increasing human activities. In a warm world, the water holding capacity of the atmosphere
will increase, resulting in a change in the frequency of extreme events, e.g., precipitation extremes
and dry periods. Under the moderate representative concentration pathway (RCP) 4.5 emissions
scenario, annual precipitation could increase by 10–25% from 1970–1999 to 2070–2099 over most of
Eurasia, North America, and central to northern Africa, but decrease by 3–15% over most of Australia,
southern Africa, and Central America [6]. The changes in future precipitation will greatly affect the
trends of continent discharge. On the basis of the accurate calculation of global and regional discharge
trends, we can apply quantitative attribution analysis to the trend results. The attribution results
can demonstrate which are the key determinants of nonlinear discharge trends [39,40] and help us
understand the physical mechanism of water cycle under the influence of climate change and human
activities. These results can be used to construct a new model or improve the existing models to predict
the shortage of water resources under the future climate change scenarios, which in turn can provide
valuable references for water resource management policies. For example, if we predict significant
downward discharge trends at some point in the future in one or more watersheds, long-term planning
for water resources can be prepared in advance in order to guarantee domestic and agricultural water.
Thus, an accurate calculation of discharge trend has momentous application values to the guidance of
water use in people’s production and life.

Our study had some limitations. For example, the calculation results deeply depended on whether
there were sufficient discharge data. Our calculation of discharge trend required complete time-series
data. However, in actual observations, especially for long-time-scale data, there is often a lack of
measurements. In this paper, we used Dai’s discharge data which were compiled and gap-filled by
many technical means, including CLM3 model simulation and others. The final dataset met our
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requirements to compute the long-term discharge trend. However, Dai’s dataset was populated at the
farthest downstream stations for the major rivers. According to this dataset, we could not test if the
discharge trends changed in one river’s upstream and downstream gauge sections. If more discharge
observations can be acquired in the future, we should conduct more analysis to show what happens
for a river’s different gauge stations.

5. Conclusions

In this study, we performed discharge trend analysis of 925 global rivers in the period from
1948–2004 using the EEMD method. Results showed that the EEMD method can better estimate the
nonlinear and nonstationary nature of discharge trends at a global and regional scale, compared with
the commonly used MK method. At a global scale, the EEMD method showed that the continental
discharge trend decreased before 1978 and increased after 1978 in the period from 1948 to 2004, whereas
the commonly used MK method gave no significant trend along the data span. At a regional scale, the
EEMD method estimated that more than 70% of the 925 rivers had significant trends, including 292 of
them with significantly upward trends and the others with significantly downward trends. On the other
hand, the MK method consistently underestimated the discharge trends. We strongly recommend that
future studies should adopt EEMD for analyzing the nonlinear trends of all hydrological nonstationary
time series and perhaps all geophysical nonstationary time series.

We also found that precipitation had consistently dominant influences on the variations in
discharge across six continents and globally, but the influencing factors of discharge trend were more
complex. Future studies should particularly focus on explaining why the global runoff trend changed
direction around 1978 using process-based global land or hydrological models.
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Figure S1. Distribution of the farthest downstream gauge stations (circle) of the 925 rivers included in this
study. Size of a circle is proportional to the log transformed mean annual discharge of each river; Figure S2.
The constructed river discharge (black line) from Dai et al. (2009) with observed data (red star) for 10 largest rivers
(sorted by discharge) in the world from 1948–2004; Figure S3 (a) Global land precipitation from 1948 to 2004 (CRU
data product in blue and GPCC data product in red); and (b) their respective trend as estimated using EEMD;
Figure S4 (a) Global land surface temperature anomalies from 1948 to 2004 (CRUTEM4 data in blue and GISTEMP
data product in red); and (b) their respective trend as estimated using EEMD; Figure S5 (a) The amount of area
equipped for irrigation in percentage of the total area on a raster with a resolution of 5 minutes; (b) Area irrigated
with groundwater expressed as percentage of total area equipped for irrigation; and (c) Area irrigated with surface
water expressed as percentage of total area equipped for irrigation; Table S1. Trend estimated using MK method
for the ten largest rivers (by discharge volume) in the world from 1948–2004.
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Abstract: Relatively minimal attention has been given to the hydrology of natural broadleaf forests
compared to conifer plantations in Japan. We investigated the impacts of ground litter removal
and forest clearing on surface runoff using the paired runoff plot approach. Plot A (7.4 m2) was
maintained as a control while plot B (8.1 m2) was manipulated. Surface runoff was measured by a
tipping-bucket recorder, and rainfall by a tipping-bucket rain gauge. From May 2016 to July 2019, 20,
54, and 42 runoff events were recorded in the no-treatment (NT), litter removed before clearcutting
(LRBC), and after clearcutting (AC) phases, respectively. Surface runoff increased 4× when moving
from the NT to LRBC phase, and 4.4× when moving from the LRBC to AC phase. Antecedent
precipitation index (API11) had a significant influence on surface runoff in the LRBC phase but not in
the NT and AC phases. Surface runoff in the AC phase was high regardless of API11. The rainfall
required for initiating surface runoff is 38% and 56% less when moving from the NT to LRBC, and
LRBC to AC phases, respectively. Ground litter and canopy function to reduce surface runoff in
regenerated broadleaf forests.

Keywords: litter; canopy; logging; overland flow; surface runoff; interception; broadleaf; forest

1. Introduction

As of 2017, approximately 25 million ha (67%) of land area in Japan is forested.
Plantation forests make up approximately 40% of the forested area while the remaining
60% is natural forests [1,2]. From 1966 to 2017, plantation forests have increased by 29%
to 10.2 million ha while natural forests shrunk by 13% to 13.5 million ha [1]. While
forested areas remain high (twice the world’s average of 29%), the proportion of forest type
(broadleaf, conifer, mixed, natural, and plantation forests) fluctuates according to market
forces, situational demands, and governmental policies [1,3]. Conifer plantation forests
are expected to expand, but instead, some conifer forests are being reverted to broadleaf
forests [4]. At the same time, some broadleaf and mixed-forests are also being cleared to
make way for development [5].

Since hydrology is highly influenced by forests, there is a need to understand how
these forests (and their modification) affect runoff processes and water resources. In the
past, there have been extensive studies carried out on hydrological processes in cypress
plantations, including those investigating the hydrological impacts of forest conversion [6],
forest litter [7,8], tree physiology [9,10], and various management practices [11,12]. The
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focus on cypress plantation was a result of its rapid expansion between 1970 and 2000 that
was driven by the government’s economic policy. Up to date, temperate broadleaf forests
and mixed-forests especially those which had undergone restoration have received rela-
tively little attention, although there are some exemplary studies [13,14]. More specifically,
the hydrological role of ground litter and the canopy are not yet well-understood. Such
knowledge is needed because more and more forests in suburban areas are being cleared
for development. The resulting hydrological changes need to be quantified to better for-
mulate preventive and corrective measures. At the same time, due to the lack of economic
incentives, vast forest areas in the interior remain unharvested and untended, causing
ground litter to thicken [13,15]. Therefore, knowledge on how ground litter affect runoff is
equally important. These two knowledge gaps, (i) hydrological role of ground litter and (ii)
hydrological role of canopy in temperate broadleaf forests make up the motivation for the
present study.

A number of studies that focuses on the hydrological role of ground litter have been
conducted in the past: Li et al. [16] investigated the relationship between ground litter and
surface runoff in northern China. Prosdocimi et al. [17] performed a similar experiment
in Mediterranean vineyards. Zhou et al. [18] carried out a microplot-scale observation of
surface runoff generation in differing ground litter and topsoil depths in Guizhou province,
China, and have highlighted challenges in upscaling these findings to the catchment scale.
In Japan, Miyata et al. [19] studied surface runoff generation and soil erosion in mature
Japanese cypress plantations under varying ground litter coverage conditions. To date,
there is little investigation on the role of ground litter on surface runoff dynamics in
naturally regenerated broadleaf forest in Japan. One existing example is a study by Gomyo
and Kuraji [13], in which they demonstrated the effects of litter removal at the catchment
scale. The study found that 3-year runoff increased by 2.7% (80.3 mm) post treatment. In
addition, peak runoff was up to 1.5 times greater. This suggests that the effects of litter
interception was greater than that of runoff-on-litter [20], and that the increased ground
evaporation from litter removal did not offset the increased effective rainfall [11]. Such
catchment study is rare due to the required time and labour.

In Japan, studies focussing on the hydrological role of the canopy or on the impacts
of clearcutting broadleaf forests are scarcer because most efforts had been focussed on
cypress plantation forests. Most studies that were conducted in Japan are related to the
effects of thinning of conifer plantations, whereby thinning reduces canopy interception
and may increase the likelihood of floods [21]. At the time of writing, the authors found
only one study in Tochigi prefecture, eastern Japan, that reported canopy interception in a
regenerated multi-layered broadleaf forest to be 21% [14]. The impacts on surface runoff
from clearcutting broadleaf forests and mixed-forest remain unexplored.

Results from catchment-scale studies may better represent that of real-world condi-
tions. However, due to the presence of various environmental factors, sources, and sinks, it
is difficult to understand the individual underlying mechanisms. In particular, does the
presence of litter buffer (due to interception) or enhance (due to runoff-on-litter) surface
runoff? With regards clearcutting, will surface runoff increase (from increased throughfall)
or decrease (from decreased stemflow)? These uncertainties have been highlighted by
past studies [13,20] and can be better elucidated via a plot-scale experiment. Furthermore,
Liu et al. [22], in an extensive review, emphasised that it is necessary to isolate the differ-
ent ways in which vertical vegetation component control runoff. Understanding the role
of each of these vertical vegetation structures and their inter-dependency will be useful
in determining the efficient architectures and morphologies of vegetation for ecological
restoration. Liu et al. [22] also emphasized that more effort should be made in quantifying
the roles of these vertical structures of vegetation to be used in improving models.

This study took place in western Aichi prefecture—a region that was historically
subjected to heavy forest exploitation up to 1910s. As a result, high sediment yields and
landslides were a common phenomenon [23]. Since then, over a century of forest restoration
was carried out, resulting in the secondary mixed-forest cover (predominantly broadleaf)
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today [24,25]. However, due to their proximity to urban areas, more and more of such
areas are being cleared to make way for development (i.e., residential, commercial, and
industrial buildings) in recent years [4,5]. For this reason, it is also important to understand
the impacts of clearcutting secondary broadleaf forests on surface runoff. In this study, we
extend previous works [13,26,27] by observing at the plot scale, changes in surface runoff
after litter removal and clearcutting. We hypothesise that surface runoff will increase with
litter removal and clearcutting in a regenerated temperate broadleaf forest. At a larger
scale, this may have implication on floods during storm events.

2. Materials and Methods

2.1. Study Area

Experimental plots were set up in the 13.9-ha Ananomiya Experimental Forest of
the Ecohydrology Research Institute, the University of Tokyo Forests, in Seto city, Aichi
prefecture (Figure 1). The general area, traditionally known as the Eastern Owari Hills, is
known for a long history of ceramic and pottery production. As a result of intensive timber
harvesting to be used as kiln fuel, the area was characterised by denuded hills with bare,
exposed subsoil in the past (Figures 2 and 3) [24,25]. Another round of intensive timber
exploitation took place during the Meiji era (1868–1912), when industrialisation in Japan
was at its peak [25]. High sediment yields and landslides had been a common phenomenon.
With auspices from the government, the Ananomiya Experimental Forest (AEF) area was
established in 1922 by the Tokyo Imperial University (University of Tokyo, today for the
purpose of restoring forests and preventing erosion-related hillslope disasters. Construction
of a weir dam was completed in 1924, and hydrological and meteorological observations
commenced in 1925 [24]. Although this site was severely denuded in the past, forest cover
has now recovered due to restoration-planting efforts (known as “sabo planting”), where
Japanese red pine (Pinus densiflora) and Japanese black pine (Pinus thunbergii) were planted
as the pioneer species [24,25]. Figure 2 shows photographs of one of the hillslopes in
the experimental forest in its denuded state in 1924 and recovered state in 2021. Aerial
photographs (Figure 3) show the gradual recovery of forest through the years 1948, 1976,
and 2010.

 

Figure 1. Study area. Map of Japan and Aichi prefecture were drawn via the software R v.4.0.3 using
packages “maps”, “mapdata”, and “mapproj”. Map of AEF and contours were obtained from the
archives of the Ecohydrology Research Institute [28].
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Figure 2. (a) Denuded state in 1924, (b) regenerated forest cover in 2021. Red dot is reference 
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Figure 2. (a) Denuded state in 1924, (b) regenerated forest cover in 2021. Red dot is reference point.

 

Figure 3. Gradual forest recovery in the Ananomiya experimental forest area. (a) White areas are 
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Figure 3. Gradual forest recovery in the Ananomiya experimental forest area. (a) White areas are
bare and exposed weathered granite subsoil. (b,c) show gradual forest recovery—corresponding to
the reducing bare (white) areas. The reference point (red dot) is the same as in Figure 2.

The area has a warm temperate climate characterised by hot summers, moderate
winters, and high annual rainfall that occurs mainly in two distinct wet periods—the Baiu
season (May–June) with frequent and prolonged rain events; and the typhoon season
(September–October) with high-intensity rainfall [27]. Annual rainfall is 1594 mm year−1

(averaged 1 May 2016–30 April 2019). The annual mean temperature is 12–15 ◦C, but
the extremes may reach −12 ◦C (dawn, in winter) and 39 ◦C (midday, in summer). Daily
averages of relative humidity range between 55 and 99.7% (data from on-site meteorological
station). The dominant geology is a deep cretaceous layer overlain by weathered granite.
Through soil core sampling around the plots followed by the jar test, percentage sand
(15.03–20.61%), silt (26.22–39.05%), and clay (43.21–53.18%), show that the soil texture is of
the clay type [29]. Bulk density range is 808.3–1069.2 kg m−3 (mean = 928.7 kg m−3).

At present, the area has a temperate mixed-forest composition with dominant canopy
species comprising Quercus serrata and Ilex pedunculosa. The sub-canopy layer is domi-
nated by Eurya japonica, Lyonia ovalifolia and Gamblea innovans; while the ground cover, by
Sasa nipponica and Dicranopteris dichotoma. Although this is a secondary mixed-forest, the
number of pioneer conifer trees (black pine and red pine) is small owing to species suc-
cession. Trees in and around the experimental plots are broadleaved; therefore, effectively
making this study a comparison in a broadleaf forest. Stand density is 1925 stems/ha,
which comprises canopy trees (>9 m in height; 725 stems/ha) and sub-canopy trees (3–9 m
in height; 1200 stems/ha).

2.2. Treatment and Data Collection

Two sloping experimental plots, A (7.4 m2) and B (8.1 m2), were established with
a 4.2-m buffer in-between (Figure 4). Boundaries of each plot were created by inserting
hard plastic (roofing) sheets into the ground. The boundary was made contiguous to
prevent leakage of surface runoff. The mean slope for plots A and B were 35◦ and 28◦,
respectively. At the bottom boundary of each plot, a gutter was installed to collect overland
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flow which was then channelled via a PVC pipe to an ‘Uizin UIZ-TB200’ tipping-bucket
gauge. Throughout the study period, no treatment was applied to plot A (control plot)
whereas litter removal followed by clearcutting were carried out in plot B.

 

Figure 4. Experimental plots. Treatments were applied to the shaded area (larger than plot B).

To ensure minimal disturbance to the soil surface, litter removal was carried out from
outside the plot boundary and precautionary measures were taken to not step into the
plot area. The dry weight of litter removed (including leaf, twigs, fruits, and seeds) was
9.48 kg (oven dried at 60 ◦C for 72 h). In the clearcutting phase, a total of 13 trees (species:
Deutzia crenata, Eurya japonica, Gamblea innovans, Ilex pedunculosa, and Lyonia ovalifolia) with
DBH ranging 0.8–3.5 cm as well as 10 small shrubs were removed from plot B. In plot A
(control plot), six trees (species: E. japonica and L. ovalifolia) and small shrubs were left as
they were. Although having fewer trees than in plot B, one of the trees (E. japonica) in plot
A was multi-stemmed (nine stems), resulting in a canopy coverage that was more extensive
than that of a normal tree. To minimise external environmental influence, areas adjacent to
the plots were made to be as similar as possible to that inside the plots. Areas surrounding
plot A (3 metres away from the top, left, and bottom boundary) were left forested. For plot
B, a 1-metre buffer from the perimeter (plot boundary) was given the same treatment (litter
removal and clearcutting) as inside the plot. Photographs of plot B in the NT, LRBC, and
AC phases are shown in Figure 5.

At a nearby weather station (approximately 470 m westwards of the runoff plots),
rainfall data was recorded at 5-minute intervals by an ‘Ota Keiki OW-34-BP’ tipping-bucket
rain gauge (0.5 mm/tip) connected to a ‘Campbell Scientific CR10X’ datalogger. Data
collection, site observation, and maintenance were carried out in three phases: no treatment
phase (NT) from May to October 2016, litter removed before clearcutting phase (LRBC)
from March 2017 to June 2018, and after clearcutting phase (AC) from September 2018 to
July 2019.

2.3. Data Processing and Analysis

The main mode of analysis is comparing storm surface runoff between the NT, LRBC,
and AC phases. For this, we considered storm events to be separate if there were at least
6 hours of rain-free period in between events—a common rule used in the region. In all
analyses, runoff in plot B was normalised by runoff in plot A. Erroneous data and periods
of equipment malfunction were excluded from analysis. In total, 116 runoff events were
available for analysis—20 in the NT, 54 in the LRBC, and 42 in the AC phases, respectively.

We explored the data in four different aspects: (i) overall runoff amount and duration,
(ii) storm event surface runoff, (iii) the effects of antecedent precipitation on surface runoff,
and (iv) rainfall threshold required for the initiation of surface runoff (amount of rain from
the start of a rain event to the first recorded surface runoff). For comparison between
the treatment phases, the variable of interest (surface runoff, rainfall threshold) and their
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various influencing factors (treatment, average rainfall intensity, antecedent precipitation
index) were fitted via the generalised linear model (GLM). The best-fit GLM was chosen via
the Akaike Information Criterion (AIC) and Bayes Factor in the software R v.4.0.3 (required
packages: glm2, devtools, flexplot). Differences between phases were assessed via the
Mann–Whitney U test.

 

Figure 5. State of plot B in (a) no treatment (NT) phase; (b) litter removed before clearcutting (LRBC)
phase; and (c) after clearcutting (AC) phase.
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2.3.1. Storm Event Surface Runoff

Before analysis, we ascertained the relationships between surface runoff (Q) and
rainfall (P) as well as between surface runoff in plot B (QB) and surface runoff in plot A
(QB). Strong positive relationships were found between QB and QA, especially in the NT
phase (r2 = 0.98), which signify suitability for a paired-plot study. After establishing a
baseline relationship and ensuring that there were no anomalies, the latter regression was
carried forward to be used in the paired-plot comparison.

Following this, mean rainfall intensity (Pi) was also tested for influence on runoff
generation. However, it was not statistically significant (p > 0.05, r2 ≤ 0.1); thus, not
included for further analysis.

Because the data were non-normally distributed (Shapiro–Wilk, p < 0.05) and have
unequal population variance (Levene, p < 0.05), QB vs. QA was provisionally test-fitted
using the ‘glm2’ command (package: glm2) in R using several ‘family’ (gaussian, poisson,
gamma) and ‘link’ (identity, log, inverse) functions. Both original and log-transformed
data were tried. The ‘gamma-identity’ fit on original data was found to produce the best fit
in the NT, LRBC, and AC phases, and was thus used.

Differences in runoff between NT, LRBC, and AC were assessed via the Mann–Whitney
U test using calculated treatment effects (Te). To calculate Te, the first step was to establish
a calibration equation (using the earlier gamma-identity GLM) between plot B and plot A
in the NT phase:

QNT
obs B = a × QNT

obs A + b (1)

where QNT
obs B and QNT

obs A are event surface runoff observed in the NT phase in plot B and
A, respectively; and a and b are regression coefficients. After treatment, runoff in plot B in
the LRBC and AC phases were estimated using Equations (2) and (3), respectively:

QLRBC
est B = a × QLRBC

obs A + b (2)

QAC
est B = a × QAC

obs A + b (3)

where QLRBC
est B and QAC

est B are ‘estimated runoff’ in plot B in the LRBC and AC phases,
respectively, and QLRBC

obs A and QAC
obs A are ‘observed runoff’ in plot A in the LRBC and AC

phases, respectively. Treatment effects (Te) in LRBC (TeLRBC/NT) and AC (TeAC/NT) with
reference to the NT phase were calculated as follows:

TeLRBC/NT = QLRBC
obs B − QLRBC

est B (4)

TeAC/NT = QAC
obs B − QAC

est B (5)

In the same way, with reference to the LRBC phase, Te in AC (TeAC/LRBC) was calcu-
lated by first establishing a calibration equation between plot B and plot A in the LRBC
phase (Equation (6)); then, using the equation coefficients (c and d) to estimate surface
runoff in AC (Equation (7)), and subtracting the estimated values from observed values
(Equation (8)):

QLRBC
obs B = c × QLRBC

obs A + d (6)

QAC
est B = c × QAC

obs A + d (7)

TeAC/LRBC = QAC
obs B − QAC

est B (8)

2.3.2. Effects of Antecedent Precipitation on Surface Runoff

The first step was to assess the relationship between surface runoff and antecedent
precipitation index (API), as well as to determine antecedent days with the highest influence.
Several combinations of GLM family and link function were tried as with the earlier section.
All equations were then inspected visually and compared based on AIC and Bayes Factor.
Relationships were weak and monotonic instead of linear. API11 were found to produce
the highest correlation and best fit (AIC: 450.05 via ‘gamma-log’).
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After confirming that API11 has a negative relationship with Q, the GLM, QB/QA
against API11, were fitted for each treatment phase (NT, LRBC, and AC):

QB/QA = e × API11 + f (9)

where e and f are equation coefficients.
In the LRBC phase, relationships were statistically significant (p < 0.01) with the

‘gamma-identity’ GLM being parsimonious (AIC: 316.82).

2.3.3. Rainfall Threshold

The rainfall threshold required for the initiation of surface runoff (PT)—defined as the
total rainfall from the start of an event to the first tip of the tipping-bucket datalogger—
were also compared between the different treatments. Before comparison, the influence of
API11 and Pi on PT were assessed. Relationships were tested using data from individual
plots and both plots collectively, in individual phases and all phases collectively, as well
as every combination of phases and plots. However, no clear relationships were found.
Therefore, the comparison of PT was conducted via the Mann–Whitney U Test.

3. Results

3.1. Overall Surface Runoff and Precipitation

At the monthly timescale, surface runoff in plot B was higher than in plot A after
treatment (LRBC and AC phase) (Figure 6). This differed from the pre-treatment period
where surface runoff in plot A was slightly higher. The normalised runoff ratio (CN)—
defined as the runoff ratio in plot B divided by runoff ratio in plot A—increased from 0.558
in NT to 2.647 and 11.875 in LRBC and AC, respectively (Table 1). The standard deviation
(SD) also increased, signifying increased variability (Table 1).

𝑄  = 𝑐 × 𝑄  + 𝑑𝑄  = 𝑐 × 𝑄  + 𝑑𝑇𝑒 / =  𝑄  − 𝑄  

𝑄 /𝑄 = 𝑒 × API + 𝑓

 
Figure 6. Monthly runoff in plot A, B and precipitation in the different phases.

Table 1. General statistics in the NT, LRBC, and AC phases.

Parameter
No Treatment Litter Removal before Clearcut After Clearcut

Plot A Plot B Plot A Plot B Plot A Plot B

Rainfall, P (mm) 519.0 1993.5 1194.0
Total runoff, Q (mm) 22.4 12.3 33.0 88.8 10.1 113.7
Runoff ratio, C 0.043 0.024 0.017 0.045 0.008 0.095
Normalised runoff ratio, CN 0.558 2.647 11.875
n 20 54 42
min (mm) 0.135 0.074 0.054 0.049 0.054 0.123
max (mm) 4.027 2.420 3.568 14.840 1.162 11.235
mean (mm) 1.120 0.615 0.612 1.644 0.241 2.707
SD (mm) 1.102 0.708 0.635 2.264 0.243 2.430
Freq. QB: Freq. QA, TB/A 0.977 2.292 7.250
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Besides runoff, the runoff frequency represented by the ratio of runoff frequency in
plot B to runoff frequency in plot A (TB/A) also increased with disturbance: 0.977, 2.292,
and 7.250 in the NT, LRBC, and AC phases, respectively (Table 1). In the NT phase, surface
runoff frequency was slightly higher in plot A as visualised in the flow-duration curve
(FDC) in Figure 7. In the LRBC and AC phases, despite a decrease in surface runoff
frequency in plot A, surface runoff frequency in plot B have increased. The FDC of plot
B also became more convex, which is a sign of increased frequency of high-magnitude
surface runoff.
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Figure 7. Flow-duration curve of plot A and B in the NT, LRBC, and AC phase.

3.2. Event-Scale Surface Runoff in Different Phases

In all phases and in both plots, surface runoff (Q) increased linearly with event rainfall
(P) (Figure 8). In the NT phase, strong linear relationships were found (plot A, R2 = 0.9019;
plot B, R2 = 0.8488).
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Figure 8. Rainfall-surface runoff plots.

Figure 9 shows the relationships between surface runoff in plot B (QB) and surface
runoff in plot A (QA) in the NT, LRBC, and AC phase. The resulting GLM equations are:

QB = 0.5015·QA − 0.0038 (NT phase; R2 = 0.9223, p < 0.01) (10)

QB = 2.1971·QA + 0.3336 (LRBC phase; R2 = 0.3630, p < 0.01) (11)

QB = 9.3967·QA + 0.5503 (AC phase; R2 = 0.4388, p < 0.01) (12)
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Figure 9. Surface runoff in plot B vs. surface runoff in plot A.

The strong correlation between plot A and B in the NT phase (R2 = 0.9223) indicates
suitability for a paired-plot comparison. Based on regression coefficients, surface runoff in
the LRBC and AC phase is 4.4 and 18.7 times higher, respectively, than in the NT phase.
From the LRBC to AC phase, surface runoff increased 4.3 times. These increases are in the
range of that in the monthly timescale. When expressing in terms of treatment effects (Te),
the LRBC and AC phases have Te values of 1.341 and 2.589, respectively. From LRBC to
AC, Te is 1.843 (Table 1). Te (Figure 10) were statistically significantly different between all
phases (Mann–Whitney, p < 0.01). In addition, the y-intercept increased by two orders when
moving from NT to LRBC and AC, signifying earlier commencement of surface runoff.
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Figure 10. Treatment effects.
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3.3. Surface Runoff and Antecedent Precipitation Index (API)

Figure 11 shows surface runoff against API11 in plots A and B in different treatment
phases. In plot A (control), surface runoff varies little with API11 throughout all phases
whereas in plot B (treatment), the effects of API11 (negative relationship) increased from
NT to LRBC to AC.
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Figure 11. Surface runoff against the 11-day antecedent precipitation index (API11).

Naturally, surface runoff is directly proportional to rainfall and inversely proportional
to API. In our study, the relationship QB/QA vs. API11 is only significant in the LRBC
phase (QB/QA = −0.014861·API11 + 3.863; p > 0.01).

3.4. Rainfall Threshold for Surface Runoff Generation

The amount of rainfall required for surface runoff generation (rainfall threshold,
denoted by “θPSR”) was also evaluated (Figure 12). With decreasing interception (NT to
LRBC to AC phase), the rainfall threshold decreased accordingly (Figure 12). Pi and API
did not have significant influence on rainfall threshold; thus, rainfall threshold between
the different phases was assessed via the Mann–Whitney U test. Rainfall threshold in plot
B normalised by that in plot A (θPSR_B/θPSR_A) is 38% lower when moving from the NT
to LRBC phase. When moving from NT to AC, and LRBC to AC, θPSR_B/θPSR_A is 73%
and 56% lower, respectively. Differences in rainfall threshold were statistically significantly
different between the NT, LRBC, and AC phases (Mann–Whitney, p < 0.01).
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Figure 12. Reduction in rainfall threshold for the initiation of surface runoff. Rainfall threshold in
plot B (θPSR_B) was normalised by rainfall threshold in plot A (θPSR_A).

41



Water 2021, 13, 1205

4. Discussion

4.1. No-Treatment Phase

In the NT phase, surface runoff increased linearly with precipitation. This follows
findings of existing studies that found similar relationships at the catchment scale in a
secondary mixed-forest [13]. Antecedent moisture did not significantly affect surface runoff
in the NT period, which may have been due to more important natural factors (rainfall,
canopy, ground litter) that govern surface runoff in natural forests. Rainfall threshold
for runoff generation was the highest in the NT phase, which reflects good interception
properties (by ground litter and canopy) compared to in the treatment phases. These
characteristics serve to establish a baseline for post-treatment comparisons.

4.2. Litter Removed, before Clearcutting Phase

In the LRBC phase, surface runoff was higher than in the NT phase (Figure 9), which
demonstrated the importance of ground litter in regulating surface runoff [30]. Although
the loss in ground litter interception is perceived to be the immediate cause, other mech-
anisms may have also contributed. In particular, the loss of protective cover may have
caused soil compaction and reduced permeability when rainfall and concentrated through-
fall directly impacts the soil surface; additionally, the increased floor evaporation may
have resulted in drier and hydrophobic conditions. Both of these reduce infiltration and
promote rapid direct runoff [20,31,32]. Compared to the straightforward increase in effec-
tive rainfall, soil compaction could have played a more important role because canopy
in broadleaf forests are known to concentrate rainwater into larger droplets with higher
momentum; thus, compacting the soil surface upon impact [19,31]. This increase in surface
runoff is consistent with an experiment at the catchment scale [13]. This present study,
however, differed in terms of spatial and temporal scales. Therefore, the results are not
directly comparable. A more similar plot study was conducted using simulated rainfall in
northwest Beijing, China, but with litter from different tree species (Quercus variabilis and
Pinus tabulaeformis) [31]. Our results agree with theirs, but the degree of runoff increase is
different. Surface runoff in our study increased over four times as opposed to only 43%
in Li et al. [31]. This may be attributed to different species, litter morphology, soil type,
and rainfall characteristics [22]. Miyata et al. [19] observed that overland flow increases
with silt and clay content, and have hypothesised that this is due to silt and clay being
key components in the formation of soil crust. This could be a possible mechanism in
the present study considering the high clay content in our plots. As for species and litter
morphology, broadleaf litter are known to have higher water storage capacity than conifer
litter [33]. The increased flow frequency may have resulted from the detection of through-
fall of small events that were previously effectively intercepted by ground litter (higher
effective rainfall).

Besides an increase in the amount and duration of surface runoff, sensitivity towards
API11 also increased (Figure 11). Although dry soils enhance hydrophobicity, resulting
in increased surface runoff in forested environments, the effects of this mechanism may
have been masked by the presence of ground litter in the NT phase [11,34–36]. In addition,
the absence of ground litter in the LRBC phase may have accelerated soil drying due to
enhanced floor evaporation; thus, creating hydrophobic conditions that promote direct
runoff [33]. Therefore, for a given value of API11, actual soil moisture could have been
drier in LRBC compared to in the NT phase.

The rainfall threshold required for surface runoff generation was 37.55% lower in
LRBC (Figure 12), which reflects the buffering properties of ground litter interception. This
is also a sign of increased water repellency usually associated with dry and compacted
soils. This indicated that the suggested runoff-on-litter mechanism [20,34], if ever occurred,
did not play a significant hydrological role in the NT phase. Li et al. [31] also reported
similar results, whereby shorter time was required to initiate surface runoff in bare plots as
opposed to litter-covered plots. They also observed that broadleaf litter was marginally
more effective in delaying the generation of surface runoff.
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4.3. After Clearcutting Phase

Surface runoff was the highest in the AC phase. The increase in surface runoff (4×
from LRBC to AC) demonstrated the role of forest canopy in intercepting and evaporating
rainwater in secondary broadleaf forests (Figure 9) [14,37,38]. Compared to other hydro-
logical losses, canopy interception (12–24% throughout Japan) may have a distinctively
large influence as it directly controls effective rainfall [14,21,39]. Studies from other regions
also recorded similar values: 21.3% of rainfall in a tropical broadleaf forest in Kaliman-
tan [40]; 10% and 20% in a primary and regenerated tropical rainforest, respectively, in
Sabah, Malaysia [41]; and 22.4% in a conifer forest in California [42]. Our findings differed
from what Nanko et al. [43] have suggested, whereby throughfall in forests have larger
droplets and higher momentum that compacts the soil and promotessurface runoff (corre-
sponding to LRBC in this study). The increase in flow frequency compared to in the AC
phase (Figure 7) could have been caused by similar mechanisms as when transitioning
from the NT to LRBC phase, which are increased amount and duration of effective rainfall.
Besides a shift in the position of the FDC, its shape has become more convexed; therefore,
signifying an increase in the frequency of large-magnitude runoff events (despite plot B
having a lower slope angle). In contrast to the LRBC phase, where soil compaction by
throughfall was assumed to be the main cause of increased runoff, increases in the AC
phase is attributed to increased effective rainfall due to the removal of canopy.

Surface runoff in AC was generally higher than that in the NT and LRBC phases
regardless of API11 (Figure 11). This may be caused by high water repellency as a result of
increased solar radiation, hence the drying-up of soils and formation of crust. Additionally,
the effects of removing the canopy and increasing effective rainfall may have been dispro-
portionately dominant to the extent of exempting influence from soil moisture. Although
some studies have attributed this to the latter [42,44,45], at present, we suggest causality to
the former based on findings in existing studies [46,47]. The findings of Daikoku et al. [48]—
vapour pressure deficit and the below-canopy available energy strongly controls forest floor
evaporation in Japan—partly support this. Although saturated soils may also override the
influence of API, such conditions never occurred in our well-drained sloping plots.

Compared to the NT and LRBC phases, the decrease in rainfall threshold required
for surface runoff generation demonstrated the dominant influence of canopy intercep-
tion (Figure 12). Although stemflow is known to be a major mechanism that channels
canopy-intercepted water to the ground [49–52], our data has shown that its influence was
overridden by the effects of loss in canopy interception. Instead of ground factors, we
attribute changes in the AC phase to the loss in canopy interception because of two reasons:
(i) following common logging practices, clearcutting has left the lower portion of trunks
and roots untouched, hence ground roughness remained unchanged at least in the medium
term before root decay takes place; (ii) prior to clearcutting, litter removal in the LRBC
phase have discounted the possibility of changes in ground litter being a factor. Therefore,
we are able to deduce that it is the increased effective rainfall from the removal of canopy
that has caused enhanced surface runoff (amount, duration, and initiation threshold) in the
AC phase.

4.4. Additional Consideration and Suggestions

The heterogenous rainfall regime in the region resulted in different rainfall input
and moisture conditions throughout the year, which may in turn affect surface properties
(such as hydrophobicity) that govern surface runoff. Although surface runoff data of
different treatments were collected in different phenological periods, differences in rainfall
and moisture conditions were accounted for by the control plot and should not affect
the results [13,53,54]. Although effort was made to establish the plots to be as similar as
possible, there were small differences in tree species, slope, and plot size. Being situated
in a natural forest, it was impossible to establish both plots with the exact tree species
and size. The uneven microtopography and undulations on the ground resulted in a
0.7 m2 difference in plot size. This should not affect the results and conclusion because
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comparisons were performed between different treatment (phases) instead of between
different plots. Plot A merely served as a control to account for environmental conditions.

Rainfall intensity is known to significantly affect surface runoff generation in various
land cover and regions [55–58]. The reason for the lack of influence from rainfall intensity
in our plot study requires further investigation, but this may be provisionally attributed to
surface runoff being naturally high in the area as well as the lack of complex hydrological
pathways and sinks found in catchment scale studies [8,59].

This study has quantified the role of ground litter and canopy on surface runoff gener-
ation at the plot scale. Results from this study are not directly extrapolatable to the hillslope,
catchment, and basin scale due to various hydrological and landscape factors. At the hills-
lope scale, species composition in a patch area may govern canopy and litter interception.
At the catchment scale, various factors such as subsurface flow, groundwater, sinks, and hy-
drological connectivity need to be accounted for. At the basin scale, land-use and regional
weather may be the governing factors instead [22]. In agreement with Liu et al. [22], future
studies should cover more species, regions, and spatial scales—larger scales to understand
environmental impacts; smaller scales to understand ecohydrological mechanisms.

Although we have investigated changes in surface runoff from litter removal and
clearcutting, other hydrological components (infiltration, preferential flow, soil moisture)
are still less understood. Investigating these (via moisture sensors, dyes, etc.) will give
insights on the below-ground hydrology as well as verify the possible mechanisms that
have been discussed in this article.

5. Conclusions

Due to the scarcity of information on the role of ground litter in regenerated broadleaf
forests and the effects of clearcutting on surface runoff, we conducted a paired-plot experi-
ment and discussed the possible hydrological mechanisms.

The absence of ground litter increased surface runoff by up to four times. Antecedent
moisture had a significant influence on surface runoff generation after ground litter was
removed. Without ground litter, 38% less rainfall was required to initiate surface runoff.

Clearcutting increased surface runoff by another four times when compared to the
litter-removed period. Without both ground litter and the canopy, antecedent moisture no
longer affect surface runoff. Canopy loss resulted in 56% less rainfall required to initiate
surface runoff when compared to the ground litter-removed phase.
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Abstract: Lake water levels fluctuate due to both natural and anthropogenic influences. Climate
change can alter precipitation, driving fluctuations in lake water levels. Extreme fluctuations can
cause flooding, water shortages, and changes in lake water quality and ecosystems, as well as affecting
fisheries and tourism. Despite the need to predict future water-level rises, especially in the context
of climate change, long-term hydrological studies are scarce. Here, we analyzed 93 years of data
from 1928 to 2020 to identify changes in the relationship between water level and precipitation in
Lake Yamanaka, Japan. We found that the six-day maximum rise in water level for the same six-day
maximum precipitation was significantly greater in the later period than in the earlier period; the
difference increased with increasing precipitation. Particularly large increases in precipitation were
sometimes caused by a single event or by multiple events occurring in succession.

Keywords: lake water level rise; Lake Yamanaka; maximum six-day precipitation

1. Introduction

Fluctuations in the water levels of lakes can be driven by both natural and anthro-
pogenic influences. For example, climate change can drive changes in precipitation levels,
which may cause lake water levels to fluctuate. Issues such as flooding, water shortages,
and changes in lake water quality can arise as a result of extreme lake water level fluc-
tuations, with potential effects on ecosystems, fisheries, and tourism [1]. Therefore, it
is important to predict future changes in lake water levels, for which the effects of cli-
mate change and anthropogenic impacts need to be assessed separately. To this end, it
is beneficial to examine past fluctuations in lake water levels over a long period; identi-
fying their causes may provide useful information for the future prediction of lake level
fluctuations [2].

The Fuji Five Lakes are a group of five small lakes in Yamanashi prefecture on the north
side of Mount Fuji in Japan. From east to west, they are Lake Yamanaka, Lake Kawaguchi,
Lake Sai, Lake Shoji, and Lake Motosu. In years and months with heavy precipitation, the
water levels rise in the Fuji Five Lakes, and lakeside areas have suffered severe inundation
damage under these conditions [3]. On the other hand, surface water flowing from the
Fuji Five Lakes has long been used for agriculture, daily life, and hydropower generation,
as has groundwater in lakeside areas. Thus, drops in the lake level have been a serious
problem for water users because they lead directly to water shortages [4,5].

A number of hydrological studies have been conducted on the Fuji Five Lakes, focus-
ing on lake water level, water balance, and groundwater flow [3,6–16]. Yamamoto and
Uchiyama [3] examined the relationship between lake water level and precipitation using
100 years of lake water-level data (1911–2017) at Lake Kawaguchi. They identified three
major increases in lake water levels since 1930, all of which corresponded to rainfall events
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(in which monthly precipitation generally exceeded 750 mm). Few of these studies have
focused on Lake Yamanaka, although the area of the lake is the largest among the Fuji Five
Lakes. In addition, Yamamoto and Uchiyama [3] only used monthly precipitation and
water-level data; they did not analyze sub-monthly variations in precipitation.

In addition to lake water-level observation data, long-term precipitation data are
essential when studying long-term fluctuations in lake water levels (e.g., over 100 years)
because precipitation is the most important factor affecting lake water-level fluctuations.
However, compared to Lake Kawaguchi, where precipitation observations have been
recorded by the Yamanashi Prefecture and the Japan Meteorological Agency (JMA) since
1933, long-term precipitation observation data at Lake Yamanaka have not been systemati-
cally organized. Recently, Kuraji et al. [17] systematically organized long-term precipitation
data at the Fuji Iyashinomori Woodland Study Center (FIWSC; 35◦24′27.4′′ N 138◦51′51.6′′

E) of the University of Tokyo, which is located in the vicinity of Lake Yamanaka. These
data make it possible to study the relationship between long-term precipitation trends and
lake water-level fluctuations in Lake Yamanaka.

Therefore, in this study, we focused on the relationship between increases in water
levels in Lake Yamanaka and heavy rainfall events. We collected data on water levels over
a long period (93 years) to analyze long-term fluctuations in relation to precipitation, with
the aim of characterizing long-term fluctuations in lake water levels in Lake Yamanaka.

2. Materials and Methods

2.1. Study Site

Lake Yamanaka, one of the Fuji Five Lakes, is located in Yamanakako Village,
Minamitsuru-gun, Yamanashi Prefecture, Japan (Figure 1). It is a natural lake with an
area of 6.6 km2, an elevation of 981 m, a circumference of 14 km, a maximum depth of
13.3 m, and an average depth of 9.4 m. The land cover of the Yamanaka Lake catchment
area has changed drastically over the past 100 years. Before humans settled in the area,
the catchment area had been a cool-temperate upper broadleaf forest. The land was
unsuitable for cultivation due to a combination of adverse conditions, including a cold
climate above 1000 m elevation and a nutrient-poor soil accumulated from volcanic
debris and lava from Mt. Fuji. In order to harvest grasses for use as a natural fertilizer
for cultivation, vast forests have been converted to grasslands. In addition, extensive
pastures were created to raise horses for the logistics industry. Around 1900, grasslands
occupied the largest area of land in the Yamanakako Village area (Figure 2). Later, when
fossil fuels and chemical fertilizers became widespread, and the main industry of the
area shifted from logistics to tourism, these grasslands became inaccessible and were
abandoned and gradually transitioned to forests. Furthermore, since 1960, coniferous
trees, mainly larch, have been planted for timber production; half of the forests are
coniferous planted forests, and the other half are broadleaf natural forests (Figure 2).

2.2. Materials

Precipitation affects the water levels of Lake Yamanaka only when it falls within
the lake’s catchment area (including surface water and groundwater). The lake’s surface
water catchment area includes the northern foot of Mt. Fuji. Various estimates of the
size of the catchment areas have been proposed in previous studies (e.g., 66.07 km2 by
Kambara [6] and 64.87 km2 by Tsutsumi [9]). It is difficult to identify the recharge area of
groundwater flowing into Lake Yamanaka based purely on the region’s surface topography.
Here, the water budget of Lake Yamanaka was not the main subject of our analysis, so it
was not necessary for the precipitation data corresponding to increases in water level to
be in the form of basin-averaged precipitation. Instead, we considered it sufficient to use
precipitation data recorded at representative points. Therefore, we used daily precipitation
data from the FIWSC, prepared by Kuraji et al. [17], for a period of 86 years from 1927 to
2013 (data were missing for 8–31 December 1940; 1–31 January, 1 March–31 May and 1–31
July 1943; and 1 January 1944–1 March 1952).
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Figure 1. Map showing the Lake Yamanaka and the surrounding areas.

Figure 2. Land cover change in the Yamanaka Village. Source: Upper map is based on a 1/50,000
scale topographic map of the Imperial Japanese Land Survey Department [18]. The lower map is
based on Yamanakako Village [19].
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Daily FIWSC precipitation data were not available for 2014–2020. Therefore, we
estimated daily precipitation data for this period using precipitation observations recorded
at the Yamanaka site (observation point: Fujiyoshida Fire Station East Sub-branch) of the
Automated Meteorological Data Acquisition System (AMeDAS) of the Japan Meteorological
Agency (JMA). We accessed the JMA website on 11 September 2021, and downloaded hourly
precipitation data. We compiled daily precipitation data from 25 March 2008, when the
observation unit of AMeDAS Yamanaka changed from 1 mm to 0.5 mm, to 31 December
2013, at 09:00 local time (on the daily boundary). We determined the relationship between
the daily precipitation data and the FIWSC daily precipitation data of Kuraji et al. [17] as
follows:

Rf = 1.1588 × Ra (R2 = 0.9742, n = 276) (1)

where Rf is the FIWSC daily precipitation (mm) and Ra is the AMeDAS Yamanaka daily
precipitation (mm).

We applied Equation (1) to the daily precipitation data from the AMeDAS mountains
from 1 January 2014, to 31 March 2021, to estimate the daily precipitation of the FIWSC.
Data were absent for the periods of 14–15 February, 15 April, 23 May, and 16 September
2014; 23 February, 25 March, and 9, 12 and 18 May 2015; and 11, 13–14 and 31 March, 12
May and 6 September 2016. However, when examining the water-level data for these dates,
we found no significant precipitation-driven water-level rises.

We used documents #1–#6 as data for the Yamanaka Lake water level and outflow.
Document #1 [20] comprises daily lake water-level and outflow recordings (observation
time unknown) from 1927 to 1962, as described in “Water utilization survey at the northern
foot of Mt. Fuji and its data analysis (Appendix): Table of water level, outflow, and rainfall
of the five lakes of Fuji”. The reference point is listed as having an altitude of 978.49 m.
Document #2 [21] comprises daily lake water-level and outflow recordings (observation
time unknown) from 1959 to 1968, as listed in “Fuji Five Lakes: Water Level, Outflow,
Rainfall Observation Table”. The altitude reference point was listed to be 878.485 m, but
we assume that this was a misprint and that it should have read “978.485 m”. Comparing
Documents #1 and #2 revealed that the overlapping data for 1959–1962 were consistent.

Document #3 [22–26] contains records of the lake water level for the years 1955–1958
and 1963–1968, as described in the “Yamanashi Prefecture Management Water Level Rainfall
Observation Annual Report”. The observation times in this document were recorded once
per morning in June 1955–1956 and 1963–1964, and twice per morning and evening in July–
December 1956 and 1965–1968. The altitude of the reference point was listed as 878.485 m,
but as in Document #2, we assume this was a misprint and should have read 978.485 m.
Comparing the lake levels in Document #1 and #2 with those in Document #3 revealed that
for the years 1955–1958 and 1963–1964, adding 3.00 and 0.10 m, respectively, to the latter
gave the same results as those in Document #1. In the 1965–1966 period, the data were not
exactly the same, but there was no significant difference in the fluctuation patterns, so we
used the values from the morning observations in Document #3.

Document #4 [27] contains lake water-level recordings from April 1981 to June 1996, as
described in the “Water Level Monthly Report” of the Yamanashi Prefecture River Division.
These observations were recorded twice daily at 06:00 and 18:00 from April 1981 to March
1982 and once daily at 10:00 after April 1982. These measurements were not taken in May
or June 1996 because of the lake’s low water level. In this study, therefore, we adopted the
value of the morning observations during the period of twice-daily observations.

Document #5 [28] contains lake water levels from 16 April 1998 to 31 December 2020,
as published by Yamanashi Prefecture on its website. These recordings were taken daily,
with the reference point being 978.485 m. Data were missing from 2 to 17 December 2009;
30 March and 5 December 2010; 25 January and 12–24 March 2011; 7 September 2012; 7
February and 6 October 2013; 8–14 January 2015; from 5 April to 10 May 2020; and on 23
August 2020.

Document #6 [29] contains daily lake water levels and outflow from 1 January 1972
to 31 December 2020, observed by the Yamanashi Branch Office, Tokyo Electric Power
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Company (TEPCO), and disclosed by Yamanashi Prefecture. Data were missing from 1
January 2011 to 31 March 2013; 18 (outflow only) and 21–24 December 2014; 18–19 and
22–26 January (outflow only), 14 (outflow only) and 15–16 March, and 8–9 September 2015.

2.3. Methods

We compared long-term variations in the relationship between the amount of precip-
itation in the FIWSC dataset and increases in the water level of Lake Yamanaka during
periods of heavy rainfall. To this end, we divided the analysis period into two: the first
period, 1927–1968, and the second period, 1972–2020.

2.3.1. Long-Term Changes in Relationship between Precipitation and Water-Level Rise

We defined a flood event as an event in which the rise in water level stopped within
seven days of the day it began and in which the difference in water levels between these
days was 0.2 m or greater. We limited our analysis to floods in which the rise in water level
stopped after seven days. This was because, in floods where the water-level rise exceeded
this period, several precipitation events could be responsible, rendering it impossible to
identify one event. Our analysis of this type of long-term rise in water level is presented in
Section 2.3.2.

Among the identified flood events, we selected those that exceeded 200 mm of pre-
cipitation over six days. To determine this period, we examined the correlation between
precipitation and the difference in water level for n days from the day when the water level
stopped rising to the day n days before, for all of the rising water events. The correlation
coefficient for n = 6 was the largest (R2 = 0.751), so we used a six-day period. We set the
threshold value for the six-day precipitation at 200 mm because the number of events
would decrease for values larger than 200 mm, while the influence of the base water level
(prior to the increase in question) could not be ignored for values smaller than 200 mm.

We defined the maximum difference between the highest and lowest water levels
for any six-day period during which the six-day precipitation exceeded 200 mm as the
maximum six-day increase in water level. Furthermore, we defined the amount of precipi-
tation during these six days for which the maximum six-day increase was obtained as the
maximum six-day precipitation.

Analysis of covariance (ANCOVA) was used as a statistical method for comparison
between the first and second periods. The comparison of time periods was made by
removing the effect of the difference in six-day maximum precipitation, which is a covariate
between the first and second periods.

2.3.2. Examination of Particularly Large Water Rises

The highest water level to occur in Lake Yamanaka in recent years was 4.48 m, which
occurred on 22 September 2011. In the period for which data on daily precipitation and
lake level are available, we found that this level was twice exceeded: on 6 September 1938
(maximum level = 5.02 m) and on 13 October 1991 (maximum level = 4.56 m). In addition,
the years 1935, 1938 (see above), and 1983, which were listed as the three years having
floods over the past 100 years in a previous study into Lake Kawaguchi [3], were also
recorded to have had floods at Lake Yamanaka (the highest water levels were 4.40 m on 27
October 1935, and 4.34 m on 19 August 1983). These five occurrences of high-water levels
coincided with the top five highest water-level increases observed in the period covered
by this study. Therefore, we conducted a comparative analysis of these five water-level
increases.

Unlike the events defined in Section 2.3.1, these substantial, relatively long-lasting
increases in water level are likely to have been caused not only by precipitation during
the preceding six days but also by precipitation over a longer period. Thus, we examined
the correlation coefficients between the accumulated precipitation from the day before the
occurrence of the highest water level to the day n days before, for the years 1935, 1938, 1983,
1991, and 2011; the maximum correlation coefficient (R2 = 0.983) was obtained when n = 71.
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Thus, we used a period of 71 days when describing the progress of precipitation and water
levels for these events.

3. Results

3.1. Lake Water Level and Outflow Data Overview

Figure 3 shows all lake water level and outflow data over the 93 years used in this
study. The maximum water level was 0.64 m on 28–29 August 1934 and 5.02 m on 6
September 1938, with a range of 4.38 m. No trend or periodicity was observed throughout
the 93 years. The runoff is used for irrigation and power generation, and there are seasonal
fluctuations in the amount of water used for irrigation. The TEPCO has held the water
rights for power generation from 23 March 1925 to the present and can withdraw water for
power generation when the lake level is between 2.12 m and 4.24 m (3.33 m from July to
September) [30]. When the lake level becomes high, the river administrator, Yamanashi
Prefecture, releases water for flood-control purposes.

Figure 3. Lake water level and outflow of the Lake Yamanaka over 93 years. The number on the
figure indicates the events with particularly large increments in the water level (see Section 2.3.2).

3.2. Long-Term Changes in the Relationship between Precipitation and Water-Level Rise

Figure 4 shows the relationship between the maximum six-day precipitation and the
maximum six-day increase in water level. Although this relationship was linear in both the
first and second halves of the study, a significant difference was observed between the first
and second periods (ANCOVA, p < 0.0001). When the precipitation was generally 250 mm
or more, the maximum six-day increase in water level for the same maximum six-day
precipitation was significantly larger in the second period than in the first; moreover, this
difference increased with increasing precipitation. When the maximum six-day precipita-
tion values were 200, 400, and 600 mm, the maximum six-day increments predicted by the
regression line were 0.20, 0.39, and 0.57 m, respectively, in the first period, and 0.18, 0.50,
and 0.82 m in the second period, respectively.

3.3. Examination of Particularly Large Water-Level Increases

Figures 5 and 6 show the time series of variations in water levels, starting from 71 days
before the highest water-level occurrences in 1935, 1938, 1983, 1991, and 2011.

3.3.1. Event of 27 October 1935 (Highest Water Level = 4.40 m)

On 17 August, 72 days before the event, the water level was 1.99 m. On 23 August,
the water level then dropped to 1.94 m. However, on 3 September, it rose to 2.56 m due to
625.5 mm of precipitation falling over 10 days from 24 August to 2 September (following
the approach of a typhoon, as included in the analysis in Section 3.1). Precipitation during
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the 11 days from 3 to 13 September only amounted to 10.4 mm, but the water level rose to
2.62 m on 14 September. There was 907.5 mm of precipitation during the 12-day period
from 14 to 25 September, which caused the water level to rise to 3.68 m on 26 September
(included in the analysis in Section 3.1). The 14 days from 26 September to 9 October
saw only 26.8 mm of precipitation, but the water level rose to 4.22 m on 9 October. There
was 61.2 mm of precipitation during the two days from 10 to 11 October, which further
increased the water level to 4.32 m. Only 13.5 mm of precipitation occurred during the
14 days from 12 to 25 October, with the water level dropping to 4.18 m on 25 October. The
total precipitation during the 71-day period was 1729.5 mm.

Figure 4. Relationship between six-day maximum cumulative precipitation (mm/6 days) and six-day
maximum water-level rise for first (1928–1968) and second (1972–2020) periods.

Figure 5. Relationship between cumulative rainfall during the days preceding a date with the highest
water level. Note x-axis is reversed.

55



Water 2022, 14, 2232

Figure 6. Relationship between the number of days preceding a date with the highest water level
and water level. Note x-axis is reversed.

3.3.2. 6 September 1938 (Highest Water Level = 5.02 m)

The water level was 2.57 m on 27 June, 72 days before this event. Then, 860.8 mm
of precipitation fell from 27 June to 5 July, with the water level rising to 3.78 m on 6 July
(included in the analysis in Section 3.1). In total, 193.8 mm of precipitation fell from 6 to 31
July, but the water level only rose to 3.96 m on 31 July. From 4 to 24 August, precipitation
amounted to 227.9 mm, with the water level decreasing to 4.64 m on 25 August, but it then
increased to 3.96 m on 31 July. The total precipitation over 71 days was 3053.4 mm.

3.3.3. Event of 19 August 1983 (Highest Water Level = 4.34 m)

The water level 72 days prior to this event, on 9 June, was 2.98 m. The water level then
gradually decreased, reaching 2.59 m on 14 August. The total precipitation for 71 days was
1476.6 mm.

3.3.4. Event of 13 October 1991 (Highest Water Level = 4.56 m)

On 3 August, 72 days prior to this event, the highest water level was 2.84 m. The water
level then dropped to 2.69 m on 19 August. On 20 August, 342.8 mm of daily precipitation
fell due to the approach of Typhoon No. 12, with the water level rising to 3.37 m on 22
August (included in the analysis in Section 3.1). The water level dropped to 3.23 m on 30
August but then rose to 3.49 m on 31 August, following 211 mm of daily precipitation; this
precipitation fell due to the approach of Typhoon No. 14 on 30 August (included in the
analysis in Section 3.1). The water level then fluctuated slightly before rising to 4.27 m
on 21 September (included in the analysis in Section 3.1). This increase occurred due to
664.9 mm of precipitation falling over 10 days from 12 to 21 September, associated with the
approach of Typhoon No. 18. It then increased further to 4.46 m on 2 October (included in
the analysis in Section 3.1) due to 267.2 mm of precipitation falling over six days from 26
September to 1 October. The total precipitation over 71 days was 2053.1 mm.

3.3.5. Event of 22 September 2011 (Highest Water Level = 4.48 m)

On 13 July, 72 days before this event, the water level was 2.52 m. Initially, the water
level did not change significantly and reached 2.57 m on 31 August. However, it rose
to 4.02 m on 5 September due to 885.6 mm of precipitation falling during the six-day
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period from 31 August to 5 September; this was caused by Typhoon No. 12 (included in
the analysis in Section 3.1). The water level dropped to 3.75 m on 19 September, but the
highest water level (4.48 m) was then recorded on 22 September, following 498.3 mm of
precipitation falling during 19 and 20 September, caused by Typhoon No. 15 (included in
the analysis in Section 3.1) The total precipitation over 71 days was 2001.4 mm.

4. Discussion

Figure 4 demonstrates that the relationship between the maximum six-day rainfall
and the maximum six-day increase in water level was linear for both the first and second
periods. This meant that it was possible to predict the maximum water level after the
floods, based on the six-day rainfall data and the water level on the day of the flood. The
following Equation could, therefore, be used to estimate the maximum water level after
the flood, based on the rainfall data in the mountains recorded at AMeDAS (which are
published in real-time) (also see Equation (1)), and the regression line shown in Figure 4):

∆H = 1.6034 × Rf6 − 143.47 = 1.8580 × Ra6 − 143.47 (R2 = 0.8372) (2)

where ∆H is the estimated lake level rise (mm), Rf6 is the six-day precipitation at FIWSC
(mm), and Ra6 is the six-day precipitation at AMeDAS Yamanaka (mm).

Figure 4 clearly shows that the six-day maximum rise in water volume for the same
maximum six-day rainfall was significantly greater in the second period than in the first.
There are two possible reasons for this: first, lakeside road construction and shoreline
reclamation work progressed from the first to the second period. Okai et al. [31] reported
that the lakeside road construction work was conducted from 1959 until 1962. Takahashi
et al. [32] reported that the Yamanaka Village began reclaiming the lake’s shoreline and
building parking lots in 1965 (Figure 7). At the same time, piers were built by private
companies along the shore of the lake. The number of piers increased from 13 to 42
from 1962 to 1970. The reclamation projects likely changed the relationship between the
water level and the water volume when the water level rose; the magnitude of the water-
level rise may have been larger for the same increase in water volume during the second
period. The second possibility is that river and erosion control efforts progressed in a
channel where surface water only flowed during heavy rains, allowing surface water to
enter the lake rapidly during heavy rainfall. In Yamanakako Village, Typhoon No. 9,
which occurred in September 2010, caused sediment to flow out of the Yoshimasawa River,
partially destroying some accommodation lodges and flooding a condominium and parking
lot [33]. An erosion control weir was constructed as a disaster-related emergency erosion
control project, disaster recovery projects were adopted for a village road downstream
of the Yoshimasawa River, and other forms of construction were also carried out. These
structures allowed precipitation to flow quickly into Lake Yamanaka, increasing the six-day
maximum flood volume for the same amount of six-day maximum rainfall.

In contrast, the conversion of the former grassland watershed to forest (Figure 2) and
the continued growth of trees in the lake’s watershed would have reduced the amount of
rainfall contributing to lake level rise due to increased canopy interception. The increased
water-holding capacity of the forest soils may also have enhanced the ability of the wa-
tershed’s soils to retain precipitation beyond six days. These “decreasing factors” may
have lowered the maximum six-day increase for the same maximum six-day precipitation.
However, our results suggest that these effects were overridden by the aforementioned
“increasing factors”, which increased the six-day maximum water level rise for the same
maximum six-day rainfall.

We focused on five events with extremely high water levels, of which two occurred in
the first period and three in the second period. Of these, the rise that led to the water level
of 4.34 m on 19 August 1983, was caused by only one precipitation event, while the other
four were caused by multiple intermittent precipitation events. In some cases, particularly
large increases in precipitation were caused by a single event that exceeded 200 mm of
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precipitation for six days. In other cases, high water levels were caused by multiple such
events occurring in succession.

Figure 7. Reclamation of the lake’s shoreline and parking lot construction. Photo taken on 19 June
2022, when the lake water level was 2.26 m.

Figures 5 and 6 show that the two flood events occurring in the first period featured
large precipitation events (625.5 mm over 10 days and 860.8 mm over 9 days). Both were
followed by a period of relatively light rainfall during which the water level continued
to rise. In contrast, in two of the three floods in the second period (except for the 1983
flood mentioned above), a large amount of precipitation fell in the early stages, followed
by a period of relatively little rainfall, during which the water level continued to decline.
This difference may correspond to the fact that the maximum six-day increase for the
corresponding maximum six-day rainfall was smaller in the earlier period than in the later
period, as shown in Figure 4.

In two of the three later events (apart from the one in 1983), both a reduction in inflow
and an increase in outflow may have contributed to the rapid decrease observed in the
water level during the low rainfall period immediately after major precipitation events.
As groundwater is the primary source of inflow to Lake Yamanaka during periods of
low rainfall, this reduced inflow can be attributed to an increase in the allocation rate
of precipitation to surface water, with an accompanying decrease in its corresponding
allocation rate to groundwater. Alternatively, the observed trend could correspond to an
increase in groundwater flow rate. Assuming that there was no long-term change in the
characteristics of groundwater discharge from Lake Yamanaka toward Oshino [16], the
observed increase in discharge could have arisen from one or both of two possible causes:
an increase in flood flow from the Katsura River (which is the only outlet river) and an
increase in anthropogenic discharge, i.e., an increase in water withdrawal by water users,
such as power generation and agricultural water use.

5. Conclusions

In this study, we collected data on water level observations for 93 years, from 1928 to
2020, and analyzed long-term fluctuations in water-level rises and precipitation in Lake
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Yamanaka during periods of heavy rainfall. We found that the six-day maximum rise
in water level for the same six-day maximum rainfall was significantly greater in the
later period than in the earlier period. Moreover, this difference increased with increasing
precipitation. In some cases, we found that particularly large increases in precipitation were
caused by a single event, whereas in other cases, these increases were caused by multiple
events occurring in succession. We posit two possible reasons for the observed difference
between the two periods: first, lakeside road-building and shoreline reclamation projects
both progressed from the earlier to the later period. Second, river and erosion-control
structures were introduced into a channel where surface water flowed only during heavy
rainfall. This allowed surface water to enter the lake rapidly during heavy rainfall.
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Abstract: The objective of this study was to test pre-treatment hydrologic calibration relationships
between paired headwater watersheds (WS77 (treatment) and WS80 (control)) and explain the
difference in flow, compared to earlier published data, using daily rainfall, runoff, and a water
table measured during 2011–2019 in the Santee Experimental Forest in coastal South Carolina, USA.
Mean monthly runoff difference between WS80 and WS77 of −6.80 mm for 2011–2019, excluding
October 2015 with an extreme flow event, did not differ significantly from −8.57 mm (p = 0.27) for
the 1969–1978 period or from −3.89 mm for 2004–2011, the post-Hurricane Hugo (1989) recovery
period. Both the mean annual runoff coefficient and monthly runoff were non-significantly higher for
WS77 than for WS80. The insignificant higher runoff by chance was attributed to WS77’s three times
smaller surface storage and higher hypsometrical integral than those of WS80, but not to rainfall.
The 2011–2019 geometric mean regression-based monthly runoff calibration relationship, excluding
the October 2015 runoff, did not differ from the relationship for the post-Hugo recovery period,
indicating complete recovery of the forest stand by 2011. The 2011–2019 pre-treatment regression
relationship, which was not affected by periodic prescribed burning on WS77, was significant and
predictable, providing a basis for quantifying longleaf pine restoration effects on runoff later in the
future. However, the relationship will have to be used cautiously when extrapolating for extremely
large flow events that exceed its flow bounds.

Keywords: rainfall; runoff coefficient; water table; surface storage; soil water storage; evapotranspi-
ration; calibration regression

1. Introduction

Restoration of longleaf pine (LLP) (Pinus palustris) ecosystems is a public land man-
agement objective throughout the southeastern United States, and it is a principal goal in
the Forest Plan for the Francis Marion National Forest in South Carolina, USA. While there
have been numerous plot or stand-scale studies of LLP ecology, silviculture, and ecosys-
tem services [1], there are uncertainties regarding the watershed-scale runoff effects of
reestablishing longleaf pine communities due to the spatial heterogeneity of soil conditions,
microtopography, slope, and understory vegetation, all of which affect soil water storage.
In contrast to loblolly pine (Pinus taeda L.) (LP) stands managed for timber production,
LLP stands managed for the open canopy with frequent prescribed fire have a much lower
stocking, a longer period of open canopy, a sparse mid-story, and an understory generally
dominated by grasses and sedges, potentially influencing soil moisture and evapotranspi-
ration (ET) [2]. As a result of these differences in stand structure and composition, it may be
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expected that LLP stands will exhibit less leaf area, less interception loss and transpiration,
more infiltration of rainfall recharging groundwater, and increasing runoff than stands
managed for timber production, especially LP stands where fire is excluded.

Runoff generation in coastal watersheds with shallow water table (WT) (<2–3 m
deep) soils with variable permeability and infiltration rates is dominated by saturation
excess flow [3–6]. The runoff process is complicated by interactions of forest management
and extreme events [7–11]. The near-surface or shallow WT, a surrogate of soil water
storage regulated by ET [12–14], drives most streamflow (as shallow surface runoff and
drainage) in these shallow coastal systems [15]. Furthermore, microtopography influencing
both surface and subsurface storage [16–20], (dis)connectivity [21], and drainage network
pathways [7,22] have been shown to be important factors affecting runoff and its timing.
Thus, a careful examination of such spatial catchment characteristics, including the above-
canopy and below-canopy leaf areas that regulate soil moisture and ET, is fundamental for
an accurate interpretation of water yield [23].

A paired watershed approach, in which two neighboring watersheds (one reference or
control and one treatment) are monitored concurrently during calibration (pre-treatment)
and post-treatment periods [24–26], has been used extensively to assess the effects of water
management and silvicultural practices on hydrologic variables (water yield, peak flow rate,
ET, and the water table) and ecosystem services [27–30]. The control watershed accounts for
year-to-year or seasonal climate variations and management practices and remains the same
during the treatment period [31]. The basis for the paired watershed approach is that there
is a significant and quantifiable relationship between the two watersheds that provides a
basis for comparing whether a treatment alters that relationship. This approach has been
used primarily on first-order headwater watersheds [28,32], although its applicability for
predicting effects of flood events on larger systems has been challenged [33].

The aim of this study was to affirm a current pre-treatment (baseline) flow relationship,
between a pair of headwater watersheds reported earlier [34,35] and discussed below, that is
significant and predictable. The planned treatment will test the hypothesis that watershed-
scale restoration to mature LLP stands will increase water yield, primarily due to reduced
ET from the forest.

2. Baseline Paired Hydrology Relationship

The approach for this study has been to use the first-order paired watersheds (WS77
for treatment and WS80 for control) on the Santee Experimental Forest (SEF), located
within the Francis Marion National Forest (Figure 1). This study has a long record that sup-
ported the comparative analyses, including a statistically significant relationship between
monthly flows established between control and treatment watersheds [34], to evaluate
effects of partial prescribed burning on streamflow for 1976–1980 [35,36]. However, the
authors [35,36] found no significant difference in streamflow between the watersheds after
partial prescribed burning. Monitoring of the paired watersheds, which was discontinued
in early 1982, was restarted in 1990, soon after Hurricane Hugo (1989) significantly (>80%)
damaged the forest canopy in the region [37]. Richter [36] found that the average annual
streamflows from WS77 and WS80 were 28% and 20%, respectively, of precipitation. Richter
also analyzed four possible explanations for this difference in water yield: (a) differences
in deep seepage losses, (b) difference in vegetation, which influences ET and interception,
(c) watershed boundaries, and (d) calibration errors in weir rating tables.
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Figure 1. (a) Location map of the paired watersheds (WS77—treatment and WS80—control) and (b) their experimental
layouts with existing monitoring stations, SSURGO soil types, and forest land cover types of both watersheds, and the forest
stands of (c) WS80 and (d) WS77 within the Santee Experimental Forest (SEF) at Francis Marion National Forest, SC.

Richter [36] suggested negligible deep seepage losses for these poorly drained soils
and found no evidence of weir leakage on either watershed. Based upon seasonal flows
and vegetation composition analysis, the author also argued that differences in water yield
cannot be explained by vegetational differences. His analysis also ruled out watershed
boundary effects in these low-gradient systems, in which the watershed drainage areas are
bounded by the elevated roads built with well compacted soils, minimizing any possible
lateral seepage, except for the northeast corner of WS80, which is a watershed divide. How-
ever, Richter [36] suggested that because of the consistency in annual ET (rainfall–runoff)
and predictability of runoff measured on WS77, differences were attributed possibly to
WS80 runoff estimates, particularly for high flows. Nonetheless, the author also suggested
a need for calibration of both stream gauges. In a long-term paired watershed study on
grasslands in Uruguay, Chescheir et al. [38] also found similar inherent differences between
the paired watersheds for the pre-treatment period, with higher runoff from the treatment
than from the control, which was attributed to a higher baseflow from the treatment water-
shed, likely due to lower ET from its shallow soils or groundwater inflow from outside
the watershed.

Interestingly, the paired pre-Hugo flow relationship (WS77 > WS80), reported by
Richter [36] for 1969–1978, reversed (WS80 > WS77) four years after Hurricane Hugo’s
1989 arrival for 10 years (1994–2003) before the relationship recovered to the pre-Hugo
direction (WS77 > WS80) by 2004, as did the forest stands [24] (Figure S1). Jayakaran
et al. [24], who analyzed pre- and post-Hugo monthly data over 2011, suggested that
lowered vegetative water use likely increased outflows in both watersheds because trees
were lost to the hurricane. However, WS77 recovered to its pre-hurricane runoff level by
1993, having an abundance of pine seedlings and saplings there compared to WS80, which
recovered its flow pattern in 2003. Jayakaran et al. [24] noted that it seems likely that high
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rainfall in 2003 would have saturated soils in both watersheds, and 2004’s drought-like
conditions would have substantially drawn down the water table. The heavy rainfall and
subsequent dry conditions in the following year might have somewhat confounded the
exact timing and mechanisms responsible for the return of flow relationships to those
pre-Hugo. Therefore, the authors cautioned that whether the 2003 wet and 2004 dry years
accelerated the recovery to the pre-Hugo (WS77 > WS80) direction is an area for further
study. Although the relationship was restored, the difference (WS77 > WS80) in the average
magnitude in 2004 through to 2011 was 2–3 times smaller than before Hugo (Figure S1).
Since these authors did not find any significant difference in the monthly rainfall totals
between the two watersheds for any of the three periods, they attributed the relative
periodical magnitude differences in paired streamflow to relative changes in ET dynamics
between the watersheds.

Therefore, the objective of this study was to re-evaluate and re-establish the paired
calibration relationship of watersheds, recovered since the 1989 hurricane, using climatic
data for 2011–2019, which includes very large rainfall and dry events [39] (Table 1). This
period was chosen because the stands reported by Jayakaran et al. [24] as being recovered
by 2004, as stated above, were hypothesized to be fully recovered by 2011 (Figure S1)
or 22 years after the hurricane. This hypothesis is consistent with studies reporting a
recovery period of 7 to 25 years for the annual water yield in three forested watersheds in
the northeastern US [8], as many as 20 years in the US and > 14 years in Japan [40], and 10
to 15 years for recovery of the water table and drainage outflow in managed pine forest
watersheds in coastal North Carolina [26,41].

Table 1. Measured annual flow, with the average annual and standard deviation (StdDev), for paired watersheds WS77 and
WS80 and the difference in flow between them for 2011–2019, pre-Hurricane Hugo (1969–1978), and post-Hugo (2004–2011),
reported by Jayakaran et al. [24] (See also Figure S1).

Pre-Hurricane Hugo Period Post-Hugo Recovery Period Fully Recovered Baseline Period
Year WS77 WS80 Difference Year WS77 WS80 Difference Year WS77 WS80 Difference

mm mm mm Mm mm mm mm mm mm

1969 441.0 259.9 181.1 2004 89.1 72.5 16.6 2011 57.5 31.0 26.5
1970 350.6 251.0 99.6 2005 351.0 276.1 75.0 2012 55.7 28.0 27.7
1971 734.9 494.5 240.4 2006 177.3 149.9 27.4 2013 334.4 219.0 115.4
1972 227.1 174.0 53.2 2007 105.4 69.9 35.5 2014 293.1 199.0 94.1
1973 404.5 315.0 89.5 2008 456.8 317.8 139.0 2015 949.9 967.0 −17.1
1974 305.2 229.0 76.2 2009 352.2 262.8 89.5 2016 633.0 562.0 71.0
1975 366.3 283.1 83.2 2010 271.4 307.0 −35.6 2017 391.9 217.0 174.9
1976 416.4 291.5 124.9 2011 57.5 31.2 26.3 2018 474.1 361.0 113.1
1977 179.7 140.8 38.9 2019 333.6 201.0 132.6
1978 187.7 146.4 41.2

Average 361.3 258.5 102.8 232.6 185.9 46.7 391.5 309.4 82.1
StdDev 161.7 102.8 64.3 146.7 118.1 53.1 295.0 277.8 60.5

In addition, the choice of the 2011–2019 period as a pre-treatment baseline reference
was supported by its closer agreement of the computed average annual flow difference of
82.1 mm between the treatment and control watersheds, than the 46.7 mm for 2004–2011,
with the pre-Hugo average difference of 102.8 mm (Table 1). Furthermore, the StdDev of
the flow difference for the baseline was closer to the pre-Hugo period than that of the post-
Hugo, indicating their similar intra-annual variability. A similar approach was reported by
Oda et al. [40] for testing disturbance effects using a paired watershed approach.

Regarding choosing a stable and sufficient record length for a baseline calibration pe-
riod, Ssegane et al. [42] found statistically significant pre-treatment calibration relationships
using only 762 days and 608 days, respectively, for two treatment watersheds from 2009 to
2012 that included some disturbances. Similarly, Bren and Lane [32] found a rapid increase
in the quality of calibration relationship as the record length increased up to 3 years, but no
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increase was found beyond that, for all temporal scales of flow. The authors suggested that
5 years were adequate for most purposes, consistent with Clausen and Spooner [31], and
the main advantage of longer periods was lower mean errors.

It was hypothesized, therefore, that the nine-year (2011–2019) record period, covering
years with very low (2012) and very high (2015) runoff (Table 1), should be adequate
for obtaining a stable pre-treatment (baseline) calibration relationship that is significant
and quantifiable for future applications in treatment evaluations. This model would be
applied using the measured flow from the control watershed to estimate expected flows
for the WS77 treatment, assuming no disturbance, starting in 2020 when the harvesting
and thinning treatments began for longleaf restoration. Next, the expected flow from the
treatment watershed would be compared with actual measured flow. Deviations of the
treated watershed’s measured flow from expected values were considered to represent
treatment effects if the deviations fell outside specified confidence intervals (95%) placed
around the calibration regression line. In addition, the treatment regressions would also be
evaluated against the pre-treatment baseline.

Various potential reasons, including rainfall and storm events, and understory pre-
scribed burning implemented in 2013, 2016, and 2018 on the WS77, as shown by Richter
et al. [35] and discussed above, were evaluated for the inherent differences in paired water-
shed flows. This study is novel in that no other studies, to the authors’ knowledge, have
reassessed the paired watershed calibration relationship after the reported recovery of
forests following a major natural disturbance that altered the pre-disturbance flow regime
between the watersheds.

Objective 1: Evaluate the annual rainfall, runoff coefficient, and ET (as the difference
between rainfall and flow) in the paired watersheds for the pre-treatment baseline period
and compare them with the 2004–2011 post-recovery period.

Hypothesis 1. There will be no significant difference in the pre-treatment mean annual runoff
coefficient (ROC) or in mean monthly rainfall between the paired watersheds, consistent with the
post-recovery period, despite the effects of relatively very wet and dry years (defined, respectively, as
30% above and below the long-term average rainfall).

Objective 2: Evaluate the difference in pre-treatment monthly runoff between the
paired watersheds compared to the post-recovery period and the possible reasons for
difference, if any, building upon earlier studies [24,36].

Hypothesis 2. The difference in the monthly runoff response between the paired watersheds will be
similar (WS77 > WS80) to that in the post-recovery period.

Objective 3: Evaluate the pre-treatment monthly runoff calibration relationship be-
tween the watersheds compared to the post-recovery period.

Hypothesis 3. The paired pre-treatment monthly runoff calibration relationship will not be
different from the relationship for the post-recovery period and will be significant and quantifiable,
with predictive capability.

Hypothesis 4. The periodic prescribed burning treatments in the pre-treatment period will not
affect the change in paired runoff relationship between the watersheds.

3. Materials and Methods

3.1. Site Description

The paired watersheds (WS77 and WS80) drain into Fox Gulley Creek and further
down to Turkey Creek, a tributary of Huger Creek. These are parts of the headwaters of
Huger Creek, a fourth-order stream and a major tributary of the East Branch of Cooper
River, which drains into Charleston Harbor (Figure 1a). Basic characteristics of the wa-
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tersheds are given in Table 2. The original WS80 watershed area was 206 ha when it was
installed in 1968 [35], but on 6 November 2001, a culvert was installed to drain its north-
eastern portion, thus reducing its area by 46 ha to 160 ha (Table 2). The vegetation in WS80
is a mixed hardwood-pine stand, regenerated since Hugo (Figure 1b,c). The vegetation in
WS77 is dominated by loblolly pine (Figure 1b,d), planted for silvicultural research in the
late 1970s. Soils in the watersheds are poorly to moderately well-drained sandy clay loam
overlaying clay, typified by the Wahee and Craven soil series in the uplands and the Megget
and Betheera soils in the riparian zones (Figure 1b). The control watershed is 48% wetlands
compared to only 11% in WS77, as estimated from recent National Wetland Inventory
data (Table 1). The mean surface depressional storage reported by Amoah et al. [17] for
the WS80 watershed was nine times higher than for the WS77 (Table 1). The climate is
warm-humid temperate, with an average daily temperature of 17.8 ◦C and annual rainfall
of about 1370 mm [43]. Chronological activities of both watersheds are given in Table S1,
and more details are described elsewhere [15,17,43].

Table 2. General characteristics of the paired watersheds.

Parameter
WS77
(Treatment)

WS80
(Control)

Location 33.14◦ N, 79.77◦ W 33.15◦ N, 79.8◦ W

Elevation (m a.m.s.l.) 4.9–10.4 3.5–10

Watershed size (ha) 155 206 until 2001; 160

Main channel length (km) 1.26 1.38

Drainage density (m−1) * 0.0037 0.0023

Wetland area, % 11 48

Mean depressional storage capacity, mm 10 (±0.5) 93 (±2.7)
* Total stream length calculated using LiDAR based DEM analysis.

3.2. Hydro-Meteorologic Monitoring

Beginning in 2003, digital records of precipitation were collected using automatic
tipping bucket gauges backed up by a manual gauge at the Met5 station in WS77 and at
the Met25 station in WS80. Data from nearby gauges (Figure 1a,b) were also used to fill
gaps [44,45]. Digital measurements of stage, also beginning in 2003, were recorded every
10 min by the Teledyne ISCO flowmeters installed upstream of both the WS77 and WS80
watershed weir outlet gauging stations (Figure 1a,b). These digital stage data were used
with established rating curves for compound V-notch weirs for estimating streamflow
rates [39,44,45]. Details of stream gauges, stage measurements, and estimates of flow rates
and the quality control are given in [44,45]. The flow data have been recently verified and
are of a high quality for the rating range they were developed for. Daily average weather
parameters obtained from weather sensors installed on a 27-m tall tower (above the forest
canopy) in WS80 in 2010 (Figure 1a,b) were used to estimate daily Penman–Monteith
(P-M) [46] based potential evapotranspiration (PET) for the forest conditions following
Amatya et al. [47] (Table 3). A 3 m weather station installed on open grass at the nearby
SEF Headquarters (SHQ) (Figure 1a) [48] provided data to fill in some missing values for a
few short periods [45].
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Table 3. Measured annual rainfall, flow, ET (rainfall–flow), and ROC (runoff coefficient = flow/rainfall) and estimated PET
for the WS77 and WS80 watersheds for 2011–2019.

Year WS80 WS80 WS80 WS80 WS77 WS77 WS77 WS77 Forest

Rainfall,
mm

Flow, mm ROC
ET

mm
Rainfall,

mm
Flow, mm ROC

ET,
mm

P-M PET,
mm

2011 934 31 0.03 903 977 58 0.06 919 1351

2012 1174 28 0.02 1146 1148 55 0.05 1092 1239

2013 1433 220 0.15 1214 1502 334 0.22 1168 1017

2014 1375 199 0.15 1176 1340 293 0.22 1047 1123

2015 2171 968 0.45 1204 2146 950 0.44 1196 1098

2016 1743 562 0.32 1181 1709 633 0.37 1076 1197

2017 1443 217 0.15 1226 1555 392 0.25 1163 1177

2018 1633 361 0.22 1272 1661 474 0.29 1187 1146

2019 1381 201 0.15 1180 1429 334 0.23 1095 1200

Average 1476 309 0.19 1167 1496 391 0.24 1105 1172

Std Dev 351.1 295.0 0.13 105.4 338.7 277.8 0.13 87.2 93.9

COV 0.24 0.95 0.71 0.09 0.23 0.71 0.54 0.08 0.08

The WT in upland well H and riparian well D in WS80 and upland well J in WS77
have been measured hourly since 2004 using pressure transducers with a datalogger
(Figure 1a,b). Well K near the riparian area in WS77 was installed in 2018 (Figure 1b). All
wells were approximately 2.8 to 3 m deep. Plots of the daily water table depths of well J
and well H for 2011–2019 are presented in Figure S2. Measurements of the leaf area index
(LAI) were conducted every 2 or 3 weeks in 2019–2020 (n = 9) at three locations proposed
for LLP treatment in WS77 (Figure 1b). The average LAI measured during 2008–2009
(n = 40) and reported by Dai et al. [43] for WS80 were used, assuming the LAI of the fully
recovered stands on this control watershed remained unchanged. A comparison of WS77
LAI with WS80 LAI is shown in Figure S3. Details of all hydro-meteorologic measurements,
including data quality control, can be found elsewhere [15,17,43,44,49].

3.3. Data and Statistical Analyses

Measured daily rainfall, streamflow or runoff (watershed area-based depth), and
PET, estimated from the daily weather data for the 2011–2019 period, were used to obtain
monthly and annual totals and to compute the annual rainfall normalized runoff coefficient
(ROC). The number of daily rain events >25 mm in each year was also logged. Flow
data were lost for both watersheds for Hurricane Joaquin (3–4 October 2015), while only
WS77 lost some data for Hurricane Matthew (8 October 2016), because the measured stage
exceeded the rating curve range of each watershed. The exceptionally high flow of October
4, 2015 was assumed to be an outlier, as discussed in the Results section below, so that
month was excluded from both watersheds in the comparative monthly analysis. Data for
WS77 for October 8, 2016 were constructed by assuming the maximum rating curve flow
value for less than 9 h of the day when the measured stage exceeded the rating curve limit.
Integration of all 10-min interval flow rates, including the peak rates for this day, yielded
242.2 mm of flow as a response to 204 mm rain on that day, preceded by 90.4 mm rain the
day before with only 1.7 mm flow, indicating that most of the two-day rain contributed
to this single day large event. This daily value of 242.2 mm, which was lower than the
187.6 mm observed for WS80, was used in the analyses. Daily flow data were used to derive
the daily flow duration curves to identify differences in flow magnitudes, frequencies,
and duration of daily runoff between the watersheds. Daily WT depths were obtained by
integrating hourly data.
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Monthly rainfall, as well as annual runoff and ROC, for both watersheds were sta-
tistically analyzed to test Hypothesis 1. Measured monthly runoff data were used to (a)
compare the mean monthly difference in flow between the paired watersheds against the
post-recovery period to test Hypothesis 2 and (b) develop a baseline calibration regression
of the monthly flow between the paired watersheds to test Hypothesis 3. Finally, a MOSUM
(moving sums of recursive residuals) approach was used to detect changes in the paired
flow regime, if any, and also in the paired calibration relationship, due to the prescribed
burning, to test Hypothesis 4.

The Shapiro–Wilk normality test [50] showed a non-normal distribution (p < 0.001)
of monthly runoff. Therefore, the nonparametric Wilcoxon signed-rank test was used to
assess the significance of differences in mean monthly runoff between the two watersheds
measured for 108 months or nine (2011–2019) years. An ordinary least squares regression
(OLS) was used to develop a calibration equation between the control and treatment
watersheds and its significance test [51]. However, since the Durbin–Watson (DW) test [50]
showed a positive autocorrelation of the monthly runoff of both watersheds (DW_WS77
= 0.054, p < 0.0001; DW_WS80 = 0.029, p < 0.0001), regression relationships using an OLS
versus geometric mean (GM) regression were compared. Based on Ssegane et al. [42], the
ts and lmodel2 R statistical packages [52] were used to examine if the OLS was significantly
different from the GM. The ts function is used to create time-series objects. These are
vectors or matrices with a class of “ts” (and additional attributes), which represent data
which have been sampled at equispaced points in time. In the matrix case, each column of
the matrix data is assumed to contain a single (univariate) time series. Similarly, the lmodel2
function computes model II simple linear regression using the following methods: ordinary
least squares (OLS), major axis (MA), standard major axis (SMA), and reduced major axis
(RMA) of the GM. The model accepts only one response and one explanatory variable.
Model II regression should be used when the two variables in the regression equation are
random, i.e., not controlled by the researcher. GM regression is a resampling technique
that accounts for autocorrelation in the time series by resampling the original data in
pre-determined blocks 1000 times to estimate regression coefficients. GM, also known as
the reduced major axis (RMA) regression, is suited for paired watershed analysis, because it
assumes errors are associated with both dependent (treatment watershed) and independent
(control watershed) variables [53]. The coefficient of determination (R2), Nash–Sutcliffe
efficiency (NSE), and root mean squared error (RMSE) were used to evaluate the strength
and significance of the regression. For R2 (0 ≤ R2 ≤ 1.0) and for NSE (−∞ ≤ NSE ≤ 1.0), a
value of 1.0 indicates an optimal model. All statistical significance tests for similarity with
no difference were conducted for the α = 0.05 level.

An OLS-based MOSUM (moving sums of recursive residuals) approach using monthly
flow data was conducted to detect the change in flow behavior, if any, between the wa-
tersheds due to prescribed burning of the WS77 watershed and potential effects on the
monthly flow regression relationship. The null hypothesis (Hypothesis 4) tested by the MO-
SUM is that regression coefficients of a linear model are constant over time; the alternative
hypothesis is that the coefficients change over time due to external factors [24,42].

A morphometric analysis, among other factors, was also used for explaining possible
reasons for inherent differences in streamflow between the paired watersheds, with a
higher, but insignificant, flow from the treatment than from the control watershed since the
historic study [36]. A morphologic analysis was conducted by deriving the hypsometric
curves and indices [54,55] to examine the effects of land morphologic characteristics on
runoff generation for the paired watersheds. A system for automated geoscientific analysis
(SAGA)-GIS [56] and LiDAR-based DEM were used to generate the hypsometric curves
of WS77 and WS80. The hypsometric integral (HI), skewness (skew), and kurtosis of
the hypsometric curves were computed using general formulations by Harlin [57] and
Pérez-Peña, Azañón, and Azor [58].
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4. Results

4.1. Annual Rainfall, Runoff, Runoff Coefficient (ROC), and ET

The first year (2011) of the pre-treatment (baseline) period was relatively dry, with
rainfall below 32% of the long-term average (1370 mm) [43], and 2015 was relatively wet,
with 58% above average rainfall. The nine-year average baseline period rainfall in WS77
was about 9% above the long-term average (Table 3). The nine-year baseline and the
eight-year post-recovery periods yielded the highest and the lowest mean annual flow,
respectively, for both watersheds (WS77 > WS80) (Table 1). An unusually high outflow in
2015 due to an extreme October event [59] might have caused the largest average flow in
the baseline period. However, the mean annual ROC values, although almost consistently
higher in WS77 (mean of 0.24) than in WS80 (0.19) (Table 3), were not statistically different
(p = 0.17) between the pair and not different (p > 0.80) from those reported for the pre-
Hugo period (1969–1978) (WS77 ROC = 0.25; WS80 ROC = 0.18) [36,41] and the 2004–2011
post-Hugo period (p > 0.20) (WS77 ROC = 0.18; WS80 ROC = 0.14). These results indicate
consistency of the rainfall normalized flow (ROCs) between the paired watersheds in each
of the three periods, supporting Hypothesis 1.

The annual ET, calculated as a difference between the annual rainfall and runoff,
assuming no change in storage, varied from 903 mm in the relatively dry year of 2011
to as high as 1272 mm in the relatively wet year of 2018, with an average of 1167 mm
for the control watershed (WS80) (Table 3). The annual ET was consistently lower in
WS77, although not significantly so (p = 0.07), with a mean of only 1105 mm, primarily
because it had a higher runoff than WS80. The mean annual ET for WS80 was very
close to the estimated P-M PET, with no significant difference (p = 0.46), while the ET for
WS77 was significantly lower (p = 0.046) than the PET, potentially indicating WS77’s soil
water limitations (Table 3). However, the annual ET increased insignificantly with rainfall,
yielding a higher R2 (0.71) for WS77 than for WS80 (R2 = 0.42), indicating, again, WS77 as
being more soil water limited than WS80.

4.2. Monthly Rainfall and Runoff between the Watersheds

A plot of the monthly rainfall averaged from each month of the 2009–2011 period is
shown in Figure 2a for the paired watersheds with their standard deviations. Data show
similar rainfall between the watersheds but higher values with larger variabilities in June-
October, influenced by tropical storms/hurricanes, than in winter for both. For example,
October 2015 yielded a very large rainfall of 667 mm for WS80 and 686 mm for WS77 due
to an extreme two-day rainfall of nearly 500 mm on 3–4 October caused by Hurricane
Joaquin [59], followed by the second large rainfall event of 296 mm for WS80 and 294 mm
for WS77 in October of 2016 as a result of Hurricane Matthew (October 8). These data highly
influenced the variability of rainfall in October (Figure 2a). However, the paired watershed
monthly rainfall for this study period showed similar means (124.7 ± 93.4 mm for WS77
and 122.9 ± 90.8 mm for WS80) with no significant difference (p = 0.89), consistent with the
earlier post-Hugo period reported by Jayakaran et al. [24]. However, the mean monthly
rainfall for that period was insignificantly lower, by chance, than the baseline period. This
was likely due to more than six times the average number of daily rain events > 25 mm
during the 2011–2019 baseline period (not shown), compared to the earlier long-term
(1946–2008) period reported by Dai et al. [43]. Moreover, the 2011–2019 period had eight
rainfall events exceeding 100 mm in 24 h, induced by hurricanes and tropical depressions.
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Figure 2. Distribution of (a) mean monthly rainfall and (b) mean monthly streamflow (runoff) of WS77 and WS80 for
2011–2019. Black vertical bars represent standard deviations.

The distribution of the monthly mean runoff (without October 2015) for the 2011–
2019 baseline period depicted the lowest flow during May for both watersheds and the
highest in September for WS77 (Figure 2b). The monthly mean runoff was consistently
but not significantly (p = 0.22) higher for WS77 than WS80, with WS77 averaging 26.7 mm
(0–210 mm) and WS80 averaging 20.4 mm (0–234 mm) without the October 2015 extreme
event month (Figure S4a). Similarly, there was no difference in variance in the monthly
flow between WS77 and WS80 (p = 0.21).

The effects of extreme rainfall on the water table influencing runoff for both watersheds
during the October 2015 and 2016 hurricanes (Figure 2a,b) were similar due to fully
saturated antecedent soil conditions (Figure S2). Monthly runoff responses to hurricanes in
the following years, i.e., Irma (11–12 September 2017, with rainfall of 130 mm), Florence
(14–15 September 2018, with rainfall of 110 mm), and Dorian (4–5 September 2019, with
rainfall of 190 mm), were smaller than the two previous ones. The study period also
experienced relatively drier months with more no-flow months for the control watershed
than for WS77 (Figure 2b), with slightly more variability in monthly summer rainfall
between the pair.

Data in Figure 3 for the monthly difference in runoff between the watersheds for
2011–2019 showed WS77 yielding somewhat higher flows (negative difference) than WS80,
except for a few periods, consistent with the pre-Hugo (1969–1978) pattern [36] (Figure S1).
The mean monthly runoff difference of −6.80 mm (±1.49 mm as standard error [SE])
between WS80 and WS77 for 2011–2019 (Figure 3) (without October 2015)) was 64% higher,
although not significantly different (p = 0.54), than the −3.89 mm (±1.09 mm [SE]) obtained
by Jayakaran et al. [24] for the 2004–2011 period, when the forest stands recovered. The
difference for the 2011–2019 period was slightly, but not statistically (p = 0.27), lower than
the pre-Hugo (1969–1978) mean of −8.57 mm (±1.65 mm [SE]) obtained by Richter [36],
although the difference between the baseline and each of the pre- and post-Hugo periods
was in the same direction. Thus, this result supports Hypothesis 2, confirming the validity
of the 2011–2019 period data for pre-treatment calibration.
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Figure 3. Difference in measured monthly flow (runoff) between the watersheds WS80 (control)
and WS77 (treatment) for 2011–2019. The October 2015 data with an extreme event were omitted.
Pres-Burn is prescribed burning.

4.3. Ordinary Least Squares Regression versus Geometric Mean Regression for Paired
Monthly Runoff

The plot in Figure 4a compares the relationships of monthly runoff using ordinary
least squares (OLS) and geometric mean (GM) regressions between the control watershed
(WS80) and the treatment watershed (WS77) without October 2015 because of its extreme
flow event. Results showed that the regression slope for the GM (WS77 = 1.15 × WS80
+ 3.70; R2 = 0.87) lay just at the border of the 95% confidence bounds (0.99–1.15) of the
slope of the OLS regression (WS77 = 1.07 × WS80 + 5.39; R2 = 0.87) (Figure 4a), and so it
was barely statistically different (p = 0.01). Therefore, subsequent analysis focused only on
the GM regression, which was also just within the bounds of the OLS slope for the recent
post-Hugo regeneration (2004–2011) period (Figure 4b).

−

−

Figure 4. Comparison of regression lines for relationships between the monthly flow (runoff) for WS77 and WS80 using
(a) OLS (solid line), with its 95% confidence intervals, and GM (dashed line) for 2011–2019, both without October 2015,
and (b) GM (solid line) for the 2011–2019 period and GM for the 2004–2011 post-Hugo period, which was within the 95%
confidence boundaries for the 2011–2019 GM mean.

4.4. Calibration Regression of Paired Monthly Flows

The plot in Figure 4a shows the regression relationships of measured monthly runoff
between the control (WS80) and treatment (WS77) watersheds for the pre-treatment cali-
bration period of 2011–2019, without October 2015 because of its extreme rainfall event.
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The GM regression in Figure 4a yielded a significant monthly runoff relationship (WS77 =
1.15 × WS80 + 3.70; R2 = 0.87) between the paired watersheds. Both the slope of 1.15 and
an intercept of 3.7 mm were significant (p < 0.0001). This significance indicates that both
the flow rate as well as the shift from the zero intercept could be attributed to the average
difference in monthly flow, with WS77 insignificantly higher than WS80, as discussed
above (Figure 3). The variability of flow around the 95% confidence limits of the regression
line showed somewhat higher discharges for WS77 than for WS80 for most of the months
for a flow of less than 100 mm. However, the regression with slope = 1.15 and intercept =
3.7 for the 2011–2019 pre-treatment period differed significantly from the 1969–1978 period
with a slope = 1.43 and intercept of −0.68 [36] but not from the 2004–2011 post-Hugo period
with 1.14 slope and 1.70 intercept [24] (Figure 4b). Thus, it both validates and invalidates
Hypothesis 3. However, the relationship has to be cautiously interpreted as it includes one
large event with flow >200 mm on October 8, 2016 (Hurricane Matthew), when a few hours
of the unusable data during the peak flow of WS77 were estimated as explained above in
Section 3.3, and thus it may have some uncertainties [60]. This event was included in this
pre-treatment regression analysis because WS80 had good data, and frequencies of such
large events are expected to increase in coming years [11]. For example, 17 out of 17 flow
events >30 mm per day−1 occurred mostly because of hurricanes and tropical depressions
within the 5 years since 2015 in this study (Figure 5).

 

−

−

Figure 5. Daily flow duration curves for WS77 and WS80 for 2011–2019, without the three days
(3–5 October) of an extreme event in 2015. Shown is an enlarged plot for a flow of less than 20 mm
per day−1.

4.5. Daily Flow (Runoff) Duration Curves

The watersheds’ daily flow frequency duration curves for 2011–2020 are compared
in Figure 5. Daily runoff was consistently lower from WS80 than from WS77, as in 1969–
1978 [36]. The magnitude of daily runoff of 20 mm was exceeded 0.74% of the time for
WS77 and 0.49% of the time for WS80 (Figure 5).

For 10% of the time, daily runoff exceeded 1.53 mm for WS77 and 1.23 mm for WS80.
Similarly, WS77 had zero runoff 41.2% of the time, compared to 46.6% of the time for
WS80 (Figure 5), which was somewhat similar to the 1969–1978 period, when WS77 had
zero runoff 35.6% of the time and WS80 43.8% of the time (not shown). Furthermore, the
difference in the percentage of zero runoff days between the watersheds was found to
be smaller (5.5%) for the current period than the 8.2% for 1969–1978, although the two
periods covered different numbers of days. Excluding the three days of the extreme event
in October 2015, runoff exceeded nearly 100 mm day−1 for two hurricanes (Irma and
Dorian, in September 2017 and September 2019, respectively), with a steeper slope for both,
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which indicates a flooding regime consistent with Amatya et al. [7]. Two other storm event
days exceeded a 50 mm runoff, in August 2016 and July 2017, indicating an increasing
pattern of large flow events during 2015–2019 for these low-gradient watersheds (Figure 5).

5. Discussion

The paired watersheds, besides being adjacent, are similar in many characteristics,
including the area, topography, drainage, dominant soil types (Table 2), and mean Leaf Area
Index (LAI) of the existing forest stands (Figure S3). Despite these similarities, the treatment
watershed (WS77) yielded non-significantly, by chance, a higher monthly runoff than WS80
(Figure 3), except for a few periods with saturated soils (WT near the surface) in July
2013, March 2015, November–December 2015, and October 2016 (Figure S2), when WS80
runoff exceeded that of WS77 (Figure 3). The events in those periods resulted in large peak
discharges of WS80, consistent with Harder et al. [15], who found exponentially increasing
runoff as the WT in well H neared the surface or got ponded (Figure S2). The insignificantly
higher monthly runoff (WS77 > WS80) (Figure 3), consistent with earlier studies [24,36],
was also supported by the daily flow duration curves for 2011–2019 (Figure 5). Richter [36],
in his study prior to Hugo (1989), ruled out the possible causes of groundwater seepage,
drainage area, and vegetation effects for this difference in flow. However, he speculated
some possible shortfalls in WS80 flow measurements for that period, particularly during
high flow periods with a daily flow >5 mm. Since that historic study, however, several
recent studies, including this one, have verified the flow measurements for WS80, as well
as the drainage area and seepage [4,15,17,24,41,59,61]. Therefore, the flow measurements
were consistent, except for the October 2015 hurricane [44], when flow rates exceeded
the limits of the established rating curves for both watersheds and were estimated using
theoretical equations for the WS80 outlet structure [59]. October 2015 was assumed to be
an outlier and not used in the monthly analysis of this study.

Below, a few other potential factors were examined that may help explain the reasons
why WS77 yielded slightly, but non-significantly, higher runoff than WS80. The mean
annual rainfall, as a primary driver of runoff, was not significantly different (p = 0.90)
between the watersheds, but both had more rainfall than the long-term average of 1370 mm
reported by Dai et al. [43] for 1946–2008, meaning the study period was wetter. Total rain-
fall for each month was not significantly (α = 0.05) different between the two watersheds,
although WS77 experienced somewhat more (Table 3). This finding was consistent with
Jayakaran et al. [24], who suggested that given the similarity of rainfall across the two
watersheds, relative changes in streamflow are good indicators of relative changes in ET
dynamics, as shown in Table 3. Data in Table 3 also show that WS77 is slightly more energy
limited (ET/PET) than WS80, which is slightly more moisture limited (ET/Rain) than
WS77 [7]. These observations are also supported by the annual rainfall–runoff relationships
between the paired watersheds (Figure S4b), which yielded similar slopes, indicating simi-
lar rates of runoff response to rainfall. However, WS80 had a larger intercept, indicating
more storage, potentially due to its greater ET than that of WS77 (Table 3). For example,
although the annual ET through the baseline period was relatively constant, with a coeffi-
cient of variation (COV) <0.1 for both watersheds, WS80 yielded a somewhat higher mean
value (1167 mm) than WS77 (1105 mm). These results, including the ROCs, are consistent
with Boulet et al. [62], who also found such a hydrological difference between two paired
Mediterranean headwater catchments with dissimilar land covers (Pinis pinaster and Eu-
calyptus globulus). In addition, the watersheds in this study differed in three important
land use and management aspects, which were not addressed in earlier studies and are
discussed below.

First, historic land use differed between WS80 and WS77. The lower reaches of WS80
were used for rice cultivation. As a result, the watershed has historical water management
structures which WS77 does not have. LiDAR data analysis also revealed some depressions
caused by legacy dikes on downstream riparian areas of WS80 [63]. More evidence comes
from Amoah et al. [17], who found a nine-times higher mean overall surface depressional
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storage capacity (DSC) in WS80 than WS77, as well as more than four-times more wetland
area in WS80 (Table 2). Thus, it is very likely that the high WS80 DSC values may have
contributed to a higher water table during winter with lower ET demands and an increased
ET with a lower water table during the summer growing season (Figure S2). Another
likely cause of WS80’s reduced streamflow is modulated peaks caused by the storage,
as evidenced by WS80’s flatter slope in the range of an approximately 10–40 mm daily
flow (Figure 5), consistent with historical records [36]. The smaller flow rates of WS80
were further evidenced by the daily flow and 10-min hydrographs for two events of
8 June and 5 September in 2019, as an example (Figure 6a,b), in which the flow rates
of WS77 with a much lower DSC were 3–4 times higher than that of WS80, consistent
with some other years as well (not shown). These observations are consistent with other
studies [18,19,64–67] that reported a water table position and microtopography influence
storage, and they are critical factors that affect streamflow patterns, stormflow peaks, and
volume on shallow coastal forests. For example, Rains et al. [66] noted that the cumulative
effect of depressions (WS80 in our study) can play an important role in landscape-scale
hydrology by regulating the frequency, magnitude, timing, duration, and rate of flows to
downgradient waters along overland and groundwater flow paths. Similarly, Acreman
and Holden’s conclusions [64] on five characteristics (landscape location and configuration,
topography, soil characteristics, soil moisture status, and drainage management) largely
determined the influence on floods, consistent with our runoff observations for these
two watersheds.

 

a) 

b) 

d) c) 

Figure 6. Measured (a) daily flow and daily cumulative rainfall and (b) hydrographs of June 8 and September 5 storm
events for both WS77 and WS80, (c) daily water table depths of upland well H (WS80) and well J (WS77), and (d) daily
water table depths for riparian well D (WS80) and well K (WS77) for 2019.

Secondly, a contemporary difference between the two watersheds is that WS80 has
not received any forest management activities since it was established in 1968, while WS77
has been actively managed for loblolly pine silvicultural research using prescribed fire
in a 2–3-year cycle (Figure S5a) for the past 20 years. There is a potential for flow to
increase soon after fire [68,69]. For example, reduced understory vegetation (Figure S5b),
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LAI, and ET caused by prescribed burning in March 2013, April 2016, and April 2018
(Figure 3) might have contributed to some temporary increased runoff in June 2013, August
2016, and August 2018. Accordingly, a detailed analysis using a MOSUM test in Figure 7
shows that the months immediately after prescribed burning captured a slight change in
the relationship of paired flow, as shown by the upward or downward movement of the
MOSUM curve, but not significantly impacting the linear regression coefficients (curve
within the two red horizontal lines). Change was detected in June 2017, more than a
year after prescribed burning. In addition, earlier studies [34,35] showed that prescribed
fire had minimal or non-significant effects on soil properties, water quality, and water
yield compared to the untreated reference for these watersheds. Furthermore, no heavy
equipment, which may compact the soil, potentially reducing the conductivity, was used
in this treatment. In addition, a rapid establishment of ground cover after the fire stabilizes
the soil.
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Figure 7. Ordinary least squares moving sums of recursive residuals (OLS-MOSUM) for monthly
linear regression between WS77 (treatment) and WS80 (control) flow data. A shift of the MOSUM
outside the 95% confidence intervals (horizontal red lines) is indicative of a structural break in the
linear relationship. The vertical solid red line is the estimated structural break point. The three dotted
vertical lines represent the months of the prescribed burning.

The fact that the mean monthly difference (WS80–WS77) in runoff (−6.8 mm) for
the 2011–2019 period was found to be not different from the 1969–1978 (−8.6 mm) and
2004–2011 (−3.9 mm) periods further indicated the initiation of forest regeneration by 2004,
with complete recovery by 2011 [24], as shown in Figure S1.

Third, active management of WS77 results in a stand that is predominately loblolly
pine, in contrast to WS80, which is mixed hardwood-pine. Despite this difference in stand
composition, the mean LAI of 2.31 m2 m−2 (1.23 m2 m−2–3.36 m2 m−2), measured on the
control watershed with pine-mixed-hardwood forest [43], was not significantly different
(p = 0.34) from the mean of 2.54 m2 m−2 (1.62 m2 m−2–2.92 m2 m−2) measured in 2019–2020
in WS77 with pine stands (Figure S3). Although the WS77 mean LAI was slightly higher
than that of WS80, the growing season LAI, with a potential to influence ET, was higher (as
high as 4–6 m2 m−2) in some plots during the growing season for WS80. Therefore, the
lower WS80 runoff during growing season was partially attributed to a higher ET of the
mixed hardwood-pine forest. For example, in the daily flow comparison for 2019 in Figure
6a, despite a lower WS77 total rainfall (235 mm) from Hurricane Dorian (September 5) than
WS80′s 242 mm, the WS77 daily flow was larger by 80 mm than WS80’s. The larger flow
of WS77 was likely due to its shallower WT, with less storage than that of WS80 in late
August/early September (Figure 6c,d), resulting in an early initiation of flows. Accordingly,
for WS80, a deeper WT and larger storage possibly caused larger ET loss than for WS77,
with no flows for 54 days until this September 5 event, in contrast with only 2 days without
flows for WS77. This pattern, with deeper WT depths and larger growing season deficits of
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WS80 than of WS77, was also evident in the summers of 2011 to 2014, as well as briefly in
2016, 2017, and 2019 when WT fell below 100 cm (Figure S2), potentially contributing to
higher ET and lower flows.

In addition, land morphology, defined by the hypsometric curve, also might have
played a role in the runoff difference between the watersheds. The shape of the hypsometric
curve is represented by a hypsometric integral, HI [70,71], with a value of 0.5 representing
a threshold between the concave (HI < 0.5) and convex (HI ≥ 0.5) hypsometric forms.
Vivoni et al. [71] found, keeping all other watershed variables constant (e.g., land use, land
cover, rainfall), that modeled watersheds with a higher HI yielded higher runoff than those
with a lower HI. Concave hypsometric curves for WS77 and WS80 (Figure 8a,b) clearly
indicated that WS77 may be expected to yield more runoff than WS80 because of its higher
HI of 0.405, compared to 0.285 for WS80 until 2001. The recomputed HI value of 0.313 after
the drainage area of WS80 changed from 206 ha to 160 ha in 2001 was still < 0.405 (WS77).
These results suggest that the shape of the basin hypsometry could be another reason for
the difference in runoff between the two watersheds.

− − −

a) b) 

Figure 8. Hypsometric curves for watersheds (a) WS77 and (b) WS80. A hypsometric integral less than 0.5 and positive
density skewness are characteristics of landforms dominated by surface runoff rather than subsurface drainage [71].

The pre-treatment monthly paired flow relationship without the October 2015 extreme
runoff did not differ significantly from the 2004–2011 relationship (Figure 4b) reported
by Jayakaran et al. [24]. The estimated monthly runoff of 609 mm was dominated by a
one-day (4 October 2015) estimated extreme runoff of 311 mm on WS80. The peak flow
rate for this hurricane event, estimated as 17.4 m3 s−1 (10.9 m3 s−1 km−2), was assumed
to have exceeded the 500-year flood [59,72], and therefore, this month, as an outlier, was
omitted from the monthly analysis. However, the daily flow frequency duration analysis
in this study also included the October 2015 month, except for the 3–5 October extreme
flow days, and other large flow events caused by other hurricanes (Figure 5). These data
may explain how the 2011–2019 calibration relationship might have been influenced by
an increased number of high precipitation events. However, the fact that the 2004–2011
regression for the period with a reportedly recovered forest [24], but not the pre-Hugo
1969–1978, was like that of 2011–2019 may indicate the similar runoff response to rainfall
during the two recent periods, dissimilar from 1969–1978. This similarity is potentially
supported by the observations of Dai et al. [43], who reported more annual average storms
> 50 mm in the 1982 to 2008 period than in 1946–2008, with even more storms by 2019
(not shown). We suggest, therefore, that the 2011–2019 relationship, which included some
hurricane/tropical storm events, with no difference in either the mean monthly flow or
regression relationship of the recent 2004–2011 period, is more justified than the pre-Hugo
1969–78 for its application in treatment effects evaluation of WS77 water yield later.
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Our computed p-value, R2, NSE, and RMSE statistics characterizing statistical signif-
icance and predictive quantifiable regression were also consistent with similar statistics
(R2 = 0.97, NSE = 0.97) for the paired daily flow relationships for 1988–1989 and higher than
R2 = 0.48 and NSE = 0.34 for the 2007–2008 calibration period reported by Ssegane [26] in
their North Carolina pine forest study. Those values were also similar to R2 = 0.83 and NSE
= 0.82 and R2 = 0.91 and NSE = 0.91 for two separate paired watersheds for the 2009–2012
calibration periods reported for studies in coastal North Carolina by Ssegane et al. [42].

Thus, the strong and significant 2011–2019 geometric regression-based pre-treatment
baseline monthly runoff calibration relationship with given confidence limits (Figure 4b)
could be used to compare the actual measured WS77 flow response with its expected flow
response compared to WS80, within the bounds of data used in the calibration regression
for quantifying the magnitude and significance of effects of longleaf pine restoration
treatments in the near future. Nevertheless, it should still be cautiously interpreted and
applied if frequencies of extreme events, like the October 2015 hurricane excluded from
this study, continue to increase, as predicted by regional studies across the southeastern
region [73]. This study also emphasizes a need to analyze long-term datasets, when
available, to better understand the role of hydrological dynamics and their evolution and
adaptation, including the paired watershed calibration for assessing treatment effects, in
the context of a changing climate [74].

6. Conclusions

This study evaluated the seasonal rainfall and runoff response pattern and the flow
calibration relationship using nine years (2011–2019) of hydro-meteorologic data for two
long-term paired watersheds (155 ha, WS77 (treatment) and 160 ha, WS80 (control)) des-
ignated for a longleaf pine (LLP) restoration project at Santee Experimental Forest on the
Atlantic Coastal Plain. The geometric mean regression-based monthly runoff relationship,
proposed as a pre-treatment baseline, was compared to relationships reported earlier us-
ing 1969–1978 for pre-hurricane Hugo and 2004–2011 as post-Hugo recovery periods by
Jayakaran et al. [24]. Other paired hydrologic metrics with a potential to influence the
runoff were also used. Results revealed that the historical pattern in the runoff difference
of WS77 > WS80 was maintained in the current baseline assessment. Furthermore, the
difference in the mean monthly runoff between the two watersheds did not vary signifi-
cantly (α = 0.05) from the pre-Hugo and post-Hugo periods, indicating a complete runoff
recovery, as shown earlier by Jayakaran et al. [24]. The insignificantly higher, by chance,
mean seasonal flow for WS77 than for WS80 was attributed to a lower surface storage
(mean depressional storage capacity; Table 2) and higher hypsometric integral (a land
morphological characteristic; Figure 8) for WS77 than for WS80, with a larger surface
storage as well as subsurface storage indicated by a deeper average water table than that
of WS77. In addition, the baseline monthly runoff calibration relationship, with multiple
large flow events covering 2011–2019, except for an extreme of October 2015, did not
differ from the 2004–2011 period but differed from 1969–1978, indicating a complete forest
recovery and, possibly, a similarity in the climatic pattern of two recent periods. The
baseline calibration relationship, found to be unaffected by periodic prescribed burning,
was also significant (α = 0.05), predictable, and consistent, thereby providing a basis for
quantifying post-treatment effects of the full LLP restoration on water yield later in the
future. However, the relationship will have to be used cautiously when extrapolating for
extremely large flow events, exceeding flow limits of the relationship as well as possibly
exceeding the rating curve limits of the current gauging stations, otherwise equipped with
well-defined compound weir control structures and dual sensors, including a backup for
precise measurements of stage elevations.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/w13213121/s1, Figure S1: 12-month moving average of difference in monthly flow between
WS80 and WS77 for 2011–2019 climatic conditions compared to those in 1969–1978 and 2004–2011
using whole long-term data with a large gap from 1982 to 1989, Figure S2: Measured daily water
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table depths on WS77 (Well J) and WS80 (Well H) watersheds for the years 2011 to 2019, Figure S3:
LiCOR-2000 measured watershed averaged LAI for WS77 (top) and WS80 (bottom) for the 2019–2020
and 2008–2011 periods, respectively, Figure S4: (a) Box plot with median and interquartile range of
monthly flow (MonFlow) measured on WS77 and WS80 watersheds in 2011–2019 without October
2015 as an outlier, and (b) Annual rainfall versus annual runoff between paired watersheds for
2011–2019, showing larger storage on WS80 than on WS77, Figure S5: Pictures of (a) operational
prescribed burning and (b) post-burn land cover on WS77 treatment watershed, Table S1: Chronology
of activities that took place on the WS77 and WS80 watersheds.
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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. The thickness of the litter layer varied with the density and consolidation of the layer.

 

 

ε = 1 − 𝑊𝜌 × 𝑉ε 𝑊 𝑉𝜌

Figure 1. Rainfall simulation apparatus: (a) schematic diagram, and (b) plan view.

Water moved along the macropore channels in the litter layer during the experiment. Assuming that
floor litters are hygroscopic, the distribution of pore space influences the vertical or lateral movement
of water. Therefore, porosity was calculated to enable a direct comparison with the extent of pore space
in the litter layer [32]:

ε = 1−
Wl

ρl ×Vl
(1)

where ε is the litter layer’s porosity, Wl is the weight of the litter layer, Vl is the total volume of the
litter layer, and ρl is litter density.

The litter container was placed on a CUX-4200H electronic balance (CAS®, Yangju, Korea),
connected to a personal computer by a communication cable. When the rain began, the weight of the
container was continuously recorded every 5 s. Part of the incident rainfall percolated through the pore
channel of litter and consequently reached the drainage collector. The drainage rate was also measured
at 5 s intervals from the drainage collector on the CUX-4200H electronic balance. Varying intensities of
50, 75, and 100 mm/h were designated as rainfall intensity parameters, and the rainfall simulator was
operated at these intensities for 10, 20, 30, and 40 min. An intensity of 100 mm/h is approximately
equivalent to a 100-year, 1-h design storm event in the Seoul region. The rainfall simulation experiment
was repeated five times for each litter type under specified rainfall conditions. In total, 180 experiments
were conducted in this study.

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 within the macropores of the litter layer [27]. There are two types of interception storage [15].
The maximum interception storage capacity (Cmx) is the amount of rainwater retained by litter
temporarily before the rain stops. It represents the water stored by litter that can flow down to
the uppermost soil layer and is therefore essential for understanding the soil water relationship.
The minimum interception storage capacity (Cmn) refers to the thin film of detained water held on the
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litter surface that is removed by evaporation only. Cmn is a more crucial hydrological parameter than
Cmx because it indicates the ultimate retention capacity of floor litter [14,23].

Through rainfall simulation experiments, the above-mentioned two storages were determined
from the litter weight curve. Cmx was experimentally obtained as the amount of detained water at an
asymptotic stable line during rainfall and Cmn was determined to be the water stored at the completion
of post-rainfall drainage, as shown in Figure 2.

 

𝐶 )
𝐶 𝐶 𝐶

𝐶 𝐶

 

𝑑𝐷 𝑑𝑅 𝑑𝐷 𝑑𝐷 𝑑𝑅 𝑑𝐷 𝑑𝑅
.

Figure 2. Graphical representation of interception storage capacity in the litter weight curve.

2.4. Litter Drainage Estimation

Water retention and drainage processes occurring in the litter layer displayed three phases in terms
of the timing and flux of water: wetting, saturation, and drying. As shown in Figure 2, the amount of
retained water increased rapidly during the wetting phase. This phase usually took place during the
first stages of the rain over a short time. As the rain continued for a certain period, the water retained
on the litter plateaued and reached the saturation phase. The saturation phase was relatively stable
because the litter was too wet to retain more water and, consequently, excess water drained into the
collector. When the rain stopped, a gravitational flow was produced in the pores until the surface
tension and gravitation force established an equilibrium. During the drying phase, 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
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
the elapsed time for producing litter drainage. In succession to the lag time, percolation occurred
through the litter layer [33]. The percolation period was estimated from the time-varying flux of
rainfall and drainage, dD

dR , where dD and dR are the deviations of drainage and rainfall rates for a 5-s
interval, respectively. We assume that the value of dD

dR increases linearly for the period of percolation.
Although the increase in rainfall is unbounded, drainage rate is bounded by the maximum interception
storage and asymptotically approaches a constant value of dD

dR , as shown in Figure 3. This asymptotic
convergence occurs because a certain amount of liquid is gradually absorbed throughout the amorphous
parts in cell walls of dead leaves [3]. The gravitation flow is referred to as the dominant hydrologic
process occurring in the litter layer during this period.
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Figure 3. Deviations of drainage and rainfall rates (dD/dR) for 5-s intervals.

When the rain stops, water retained in the litter surface begins to evaporate. If evaporation
is negligible, the post-rainfall retention of litter is determined by the competition of the available
water (Cmx −Cmn) subject to the gravitational force and the cohesive and/or adhesive forces of water.
When the rain ceased, the retained water exponentially decreased as follows:

Ct = Cmn + (Cmx −Cmn)e
−kt (2)

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 litter
drainage. The parameter k represents the time-dependent decline of water retained in the litter layer.

2.5. Statistical Analysis

Statistical differences among the groups were evaluated by one-way ANOVA or Kruskal-Wallis
test (one-way ANOVA on ranks). If the treatments satisfied the assumptions of the ANOVA,
i.e., the independence, normality and homogeneity of variances, the one-way ANOVA method
was used. Otherwise, the Kruskal–Wallis test, a nonparametric method, was used.

In addition, a post hoc test was conducted when the results showed significant differences (p< 0.05).
A Tukey’s test was used for the post-hoc analysis of one-way ANOVA test. Meanwhile, a Mann-Whitney
U test was used for that of the Kruskal-Wallis test. This nonparametric test allows two groups to be
compared without assuming that the values are normally distributed [34].

Thus, both Kruskal-Wallis and Mann-Whitney U tests were conducted for a comparison of physical
traits and the interception storage capacity. The one-way ANOVA and Tukey’s tests were used for
comparing the recession coefficient of litter drainage.

All statistical analyses were performed using R 4.0.2 (The R Foundation for Statistical Computing,
Vienna, Austria) and Python 3.7.8 (The Python Software Foundation, Wilmington, DE, United States).

3. Results

3.1. Litter Physical Characteristics

Leaf litter samples taken from three deciduous tree species were used in this study. The litters
of Q. variabilis and Q. acutissima were characterized by a longer length and narrower width than the
oval-shaped litter of S. alnifolia. The projected surface area of the Q. variabilis litter was significantly
larger than that of the 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 4. Distribution of (a) the surface area of the broadleaf litter, and (b) the length of the
needle-leaf litter.

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 cm in P. rigida

and 8.19 cm in P. strobus.
The mean and standard deviation values of density, SSA, and SAV in various litter types are

presented in Table 1. Significant differences were detected in the SSAs and SAVs between the broadleaf
and needle-leaf litters (p < 0.01); however, the difference was less significant in term of the litter
density (p < 0.05). Between the broadleaf or needle litter types, interspecific differences in the physical
properties were observed (p < 0.01), which are in partial agreement with the findings reported in
previous studies [2,4,35].

Table 1. Physical characteristics of individual litter samples.

Litter Type Species Sample Size
Density
(g/cm3) *

Specific Surface Area (SSA)
(cm2/g) *

Surface-Area-to-Volume
Ratio (SAV)
(cm2/cm3) *

Broadleaf litter
Q. variabilis 50 0.590 ± 0.046 167.83 ± 26.56 98.53 ± 14.03

Q. acutissima 50 0.535 ± 0.065 221.36 ± 49.13 116.20 ± 15.71
S. alnifolia 50 0.482 ± 0.070 283.88 ± 77.91 135.02 ± 34.47

Needle-leaf
litter

P. strobus 200 0.650 ± 0.028 176.87 ± 33.05 115.11 ± 23.97
P. rigida 200 0.661 ± 0.113 96.68 ± 14.04 62.94 ± 7.76

A. holophylla 200 0.393 ± 0.036 30.64 ± 9.72 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
Litter Layer

Thickness(cm) * Porosity (%) *

Broadleaf litter
Q. variabilis 10.84 ± 0.70 98.48 ± 0.10

Q. acutissima 13.16 ± 0.45 98.61 ± 0.05
S. alnifolia 12.75 ± 0.45 98.40 ± 0.06

Needle-leaf litter
P. strobus 7.13 ± 0.62 97.92 ± 0.19
P. rigida 5.80 ± 0.53 97.46 ± 0.23

A. holophylla 1.37 ± 0.22 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.

Intensity
(mm/h)

Duration
(min)

Broadleaf Litter Needle-Leaf Litter

Q. variabilis Q. acutissima S. alnifolia P. strobus P. rigida A. holophylla

(a) Cmx (mm/cm) *

50

10 0.118 ± 0.014 0.128 ± 0.016 0.126 ± 0.007 0.174 ± 0.007 0.242 ± 0.029 1.447 ± 0.322
20 0.145 ± 0.008 0.138 ± 0.011 0.135 ± 0.015 0.196 ± 0.016 0.290 ± 0.018 2.075 ± 0.467
30 0.159 ± 0.017 0.133 ± 0.008 0.144 ± 0.020 0.219 ± 0.012 0.282 ± 0.035 1.611 ± 0.069
40 0.157 ± 0.025 0.143 ± 0.016 0.142 ± 0.009 0.214 ± 0.021 0.286 ± 0.021 1.601 ± 0.118

75 20 0.171 ± 0.031 0.151 ± 0.009 0.140 ± 0.008 0.237 ± 0.017 0.322 ± 0.030 1.738 ± 0.344

100 20 0.191 ± 0.019 0.152 ± 0.011 0.164 ± 0.011 0.260 ± 0.029 0.331 ± 0.031 1.623 ± 0.224

(b) Cmn (mm/cm) *

50

10 0.074 ± 0.014 0.079 ± 0.013 0.083 ± 0.006 0.088 ± 0.003 0.156 ± 0.027 1.101 ± 0.189
20 0.090 ± 0.006 0.088 ± 0.008 0.088 ± 0.010 0.095 ± 0.010 0.171 ± 0.017 1.420 ± 0.309
30 0.103 ± 0.014 0.086 ± 0.005 0.094 ± 0.013 0.095 ± 0.010 0.167 ± 0.017 1.089 ± 0.079
40 0.103 ± 0.018 0.093 ± 0.011 0.097 ± 0.009 0.096 ± 0.019 0.174 ± 0.014 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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Figure 5. Variations in litter interception storage capacity at various durations and an intensity of
50 mm/h rainfall. (a) needle-leaf litter, and (b) broadleaf litter.

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].
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Figure 6. Variations in litter interception storage with rainfall intensity. (a) needle-leaf litter,
and (b) broadleaf litter.

3.3. Litter Drainage

The amount of water retained in the litter is the result of the throughfall, evaporation and litter
drainage. When assuming little or no evaporation loss for the experiment’s short duration, rainfall that
exceeds the litter’s interception storage may begin to move downward, under gravitational forces,
through the litter layer as litter drainage. During the experiment, litter drainage reached a stable
condition (equivalent to the rainfall rate) after approximately 20–30 min, depending on the litter type
and rainfall characteristics.

Table 4 presents the portion of the litter drainage corresponding to the rainfall amount. When the
litter layer reached its saturation point, a nearly constant amount of water was drained. Litter drainage,
expressed as a percentage of the total rainfall, for broadleaf litter with 50 mm/h of rainfall varied from
0.865% after 10 min to 0.966% after 40 min. At a rainfall intensity of 100 mm/h, litter drainage increased
by approximately 0.026% at a 50 mm/h intensity for the same 20 min duration. Therefore, the drainage
percentage increased with a longer duration or higher intensity of rainfall. However, for the
rainfall-simulated experiments, the rainfall amount was found to be a crucial variable for producing
litter drainage [14,19]. When compared with events producing the same rainfall amount, such as
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
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slight decrease with an increase in rainfall intensity. Generally, fast drainage responses were typically
associated with needle litter, while broadleaf litter was slower to respond. This phenomenon was
also reported by Zhao et al. [19] and Li et al. [25]. They demonstrated that the broadleaf litter’s larger
surface depression functions as a rainwater harvester at the beginning of a rainfall event.

Table 4. Variation in litter drainage with litter type and rainfall (expressed as a percentage of the
total rainfall).

Litter Type Species

Total Litter Drainage Ratio

50 mm/h 75 mm/h 100 mm/h

10 min 20 min 30 min 40 min 20 min 20 min

Broadleaf litter
Q. variabilis 0.887 0.938 0.955 0.963 0.954 0.963

Q. acutissima 0.855 0.927 0.951 0.961 0.950 0.962
S. alnifolia 0.852 0.928 0.949 0.960 0.957 0.959

Needle-leaf litter
P. strobus 0.914 0.956 0.973 0.979 0.973 0.976
P. rigida 0.892 0.939 0.958 0.968 0.960 0.965

A. holophylla 0.851 0.907 0.931 0.952 0.932 0.952

 

 

Figure 7. Variation in lag time and time to percolation with litter type and rainfall intensity. (a) Lag
time, (b) Time to percolation.

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 Species
k

R2

Mean SD *

Broadleaf litter
Q. variabilis 0.00229 0.000237 0.893

Q. acutissima 0.00222 0.000163 0.935
S. alnifolia 0.00236 0.000202 0.939

Needle-leaf litter
P. strobus 0.00232 0.000205 0.911
P. rigida 0.00222 0.000137 0.955

A. holophylla 0.00202 0.000168 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.
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Abstract: Soil degradation and reservoir siltation are two of the major actual environmental, scientific,
and engineering challenges. With the actual trend of world population increase, further pressure is
expected on both water and soil systems around the world. Soil degradation and reservoir siltation
are, however, strongly interlinked with the erosion processes that take place in the hydrological
catchments, as both are consequences of these processes. Due to the spatial scale and duration
of erosion events, the installation and operation of monitoring systems are rather cost- and time-
consuming. Modeling is a feasible alternative for assessing the soil loss adequately. In this study,
the possibility of adopting reservoir sediment stock as a validation measure for a monthly time-step
sediment input model was investigated. For the assessment of sediment stock in the reservoir, the
commercial free-fall penetrometer GraviProbe (GP) was used, while the calculation of sediment
yield was calculated by combining a revised universal soil loss equation (RUSLE)-based model
with a sediment delivery ratio model based on the connectivity approach. For the RUSLE factors,
a combination of remote sensing, literature review, and conventional sampling was used. For
calculation of the C Factor, satellite imagery from the Sentinel-2 platform was used. The C Factor
was derived from an empirical approach by combining the normalized difference vegetation index
(NDVI), the degree of soil sealing, and land-use/land-cover data. The key research objective of
this study was to examine to what extent a reservoir can be used to validate a long-term erosion
model, and to find out the limiting factors in this regard. Another focus was to assess the potential
improvements in erosion modeling from the use of Sentinel-2 data. The use of such data showed
good potential to improve the overall spatial and temporal performance of the model and also
dictated further opportunities for using such types of model as reliable decision support systems for
sustainable catchment management and reservoir protection measures.

Keywords: sediment yield; RUSLE; Sentinel-2; reservoir siltation; penetrometer; sediment balance

1. Introduction

Soil is a dynamic system that is highly dependent on the variations of the surrounding
environment. Erosion-induced changes are the dominant processes in terms of landscape
and terrain shaping [1]. Erosion has multiple environmental and economic impacts. The
first and most obvious impact is the degradation and productivity loss of fertile soils.
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Population growth goes hand in hand with a growth in food demand. The removal of the
natural vegetation, deforestation, and the intensification of crop cultivation have increased
the vulnerability of soil towards erosion [2,3]. Based on the results by [4], only during the
last century, the per-capita removed soil has increased by around 400%. In comparison
to 2000 years ago, the per-capita removed amount of soil today is around 2000% higher.
In contrast, soil formation is extremely slow. Under tropical and temperate agricultural
conditions, 200 to 1000 years are needed for the creation of 340 t ha−1 of soil. The yearly
renewal rate is around 0.2–2 t ha−1 a−1, while the soil loss in intense agricultural regions
fluctuates from 10 to 100 t ha−1 a−1 [5]. A recent review study of [6] suggests a crop yield
loss of up to 10% is to be expected by the year 2050 if the actual rates of soil loss continue.
With such high differences between soil loss and renewal rates and also the high impact
that soil loss has on the global food availability soil conservation practices become essential
concerning the global food economy.

Water is the main natural erosive agent, as it is responsible for 80% of soil erosion
worldwide [7]. Erosion has severe impacts on the aquatic ecosystems and water budget in
reservoir systems. Sediment input and related nutrient flux due to erosion are the main
factors deteriorating the water quality, threatening aquatic biodiversity, and reducing the
lifetime of river impoundments. Therefore, soil loss is not just an issue concerning only
food scarcity, but also water scarcity.

The cross-scale characteristics of the erosion phenomenon with its high spatial-
temporal variation may cause high costs for the adequate quantification of soil loss by
monitoring programs. Hence, alternatives like modeling are often considered for quan-
tification of soil loss and localization of hotspots. A vast range of model types (physical,
stochastic, or empirical) has been developed, but these models are normally specific to
local or regional environmental conditions, and the performance varies based on the data
availability and quality [8].

The aim of this study is to validate sediment input modeling by using validation mea-
surements of sediment stock from the long-term siltation estimate in a reservoir. Large river
impoundments represent the perfect opportunity as they often have trapping efficiencies
>95% and consequently may serve as validation points for transported material [9–11]. For
this study the sediment stock was assessed by high-resolution sediment magnitude mea-
surements in the reservoir via a dynamic penetrometer [12]. For calculation of the revised
universal soil loss equation (RUSLE) factors, satellite data were used for the land-use and
land-cover (LULC) assessment, two soil sampling campaigns to define the soil properties
of the area, and available datasets from the literature.

2. Materials and Methods

2.1. Study Area

The Passaúna Reservoir catchment (152.6 km2; 25◦31′43′′ S and 49◦23′37′′ W;
25◦18′15′′ S and 49◦21′03′′ W) is located near the Metropolitan Region of Curitiba and
is part of a water supply system that provides water for more than three million people.
About 30% of the population of the Metropolitan Region of Curitiba is supplied by this
catchment. In 2001, the Environmental Protection Area of Passaúna was established, com-
prising 16,060 ha of territory Even so, anthropic pressure on the catchment has continued
over the years (Figure 1). The Passaúna river composes 65.6% of the contribution area
of the reservoir, followed by the contribution of the small sub-basins < 1 km2 (8.4%),
the Ferraria river (6.9%), the reservoir area (5.9%), the runoff lands around the reservoir
(4.0%), the Eneas river (3.6%), and two other unnamed sub-basins with 3.2% and 2.6%,
respectively [13].
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Figure 1. Location of Passaúna catchment in the lower left corner of the graph, and the land use/land
cover of the catchment.

Passaúna reservoir initiated operation in 1989. The total water surface area is 895 ha
and the reservoir has an actual volume of 69.3 hm3, considering the spillway level at
887.2 masl. The intake is located approximately 3 km upstream of the dam. The impound-
ment structure is a 1200 m long and 17 m high rock-fill dam with a clayey core.

2.2. Sediment Yield Model

The sediment input (or sediment yield) is calculated as a product of soil loss from the
hillslopes and a sediment delivery ratio:

SI = A·SDR (1)

where SI stands for sediment input (or sediment yield), A for soil loss, and SDR for sediment
delivery ratio.

As mentioned, the soil loss is calculated based on the RUSLE model. The universal
soil loss equation (USLE) originated from [14] to assess the soil erosion in US agricultural
land. Research for quantifying the soil loss started in 1940 in the Corn Belt and ended with
the final publication by [14], where figures and relations were added for calculating each of
the parameters. The next development in USLE happened in 1997, when [15] published
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the revised form of the Universal Soil Loss Equation (RUSLE). In the new version of
RUSLE, the core philosophy of USLE was retained, even though significant changes in the
calculation of the single parameters were included. The idea of USLE/RUSLE consists
in the parametrization of the factors that affect erosion (terrain geometry, soil physical
properties, rain characteristics, land use/land cover, and conservation practices).

In this study, due to the adequate data availability, a model in a monthly time resolu-
tion was used. Mathematically, RUSLE is presented in the following form:

A = L·S·R·C·K·P (2)

where

• A is the soil loss at the investigated area
• L is the slope length factor
• S is the slope steepness factor
• R is the rainfall-runoff erosivity factor
• C is the cover management factor
• K is the soil erodibility factor
• P is the support practice factor

2.2.1. Topographic Factor LS

LS expresses the expected ratio of soil loss per unit area from a field slope to that from
a 72.6 ft (22.13 m) length of uniform 9% slope under otherwise identical conditions [14].
The relation was adapted by [16], especially for the L Factor. The basis for calculation of
the pixel-based topographic factor was a digital elevation model (DEM) of an accuracy of
10 m available from TanDEM-X service (Figure 2). For calculation of the LS Factor, the open
source platform inVEST was used [17]. The LS Factor was calculated as follows:

LSi = (((Ai-in + D2)ˆm + 1 − Ai-in ˆm + 1)/(D ˆm + 2·xi ˆm·22.13 ˆm))·Si (3)

where:

• Si is the slope factor calculated from terrain slope θ in radians as showed below
S = 10.8 sin θ + 0.03 when θ < 9% S = 16.8 sin θ − 0.50 when θ > 9%

• D is the gridcell dimension
• Ai-in is the contributing area (m2) at the inlet of a grid cell which is computed from the

d-infinity flow direction method
• xi = |sin ai| + |cos ai| when θ > 9% and ai is the aspect direction for grid cell i
• m is the length exponent factor (Table 1)

Table 1. Values of dimensionless factor m.

Slope % [s] m

s < 1 0.2
1 < s < 3.5 0.3
3.5 < s < 5 0.4

5 < 9 0.5
s > 9 m = β/((1 + β)) 1

1 β = ((sinθ/0.0986))/((3·sinθ ˆ0.8 + 0.56)).
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The K Factor corresponds to the soil erodibility or the soil’s intrinsic sus

− −

– –

Figure 2. (Left). Digital elevation model; (Right) spatial distribution of LS Factor.

2.2.2. Soil Erodibility Factor K

The K Factor corresponds to the soil erodibility or the soil’s intrinsic susceptibility
to erosion, which reflects the spatial variability of possible soil erosion depending on its
structural and compositional characteristics [18]. This factor can be determined through
experiments, and carried out in field plots using a specific measurement setup [19]. Alterna-
tively, it may be obtained from predefined estimates based on the soil classes documented
in the published literature reporting soil erodibility values for soil classes observed in
different regions of Brazil (Table 2).

Table 2. K Factor values from literature data base.

Soil Class K Factor Value (t h MJ−1 mm−1) Soil Class

Haplic Inceptisol 0.03 [20]
Humic Inceptisol 0.0175 [21]

Oxisol 0.018 [22]

In order to determine the K Factor, two soil sampling campaigns were organized in
the Passaúna catchment with a total of 22 soil samples (Figure 3Left). The texture (silt,
clay, and sand fractions) and loss on ignition at 550 ◦C (LOI550) were defined for each
sample. For each point, three subsamples were taken as replicates within a radius of 5 m.
Disturbed material was dried and sieved in 2 mm mesh, and the texture analysis was
undertaken by the Bouyoucos hydrometer method [23] based on the classification by the
United States Department of Agriculture (USDA), which addresses that the particle sizes
between 0.05–2 mm are sand, between 0.002–0.05 mm are silt, and smaller than 0.002 mm
are clay. For the samples of the first campaign, also some physical parameters of the soil
were measured. All soil samples were used to calculate the K Factor at each location. For
this study, Equation (4), proposed by [24] for the sample points collected covering Ultisol,
Red Oxisol, and Typic Eutraquox classes, was used.
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K = ((SAN + SIL)/CLA)/100 (4)

where SAN, SIL, and CLA are sand, silt, and clay fraction in percentage, respectively.

–

–

Figure 3. (Left) Location of soil samples; (Right). Interpolated map of K Factor.

Afterwards, the values were interpolated using the inverse distance weighting (IDW)
approach in order to obtain the information for the full coverage of the watershed.

2.2.3. Rain Erosivity Factor R

Based on the availability of data, two approaches to calculate the R Factor were inves-
tigated.

1. Based on literature findings

For lack of 10–20 min frequency precipitation data for the Passaúna catchment, initially
literature findings were used to determine the rainfall erosivity in the catchment [25]
studied extensively the relations between the rain erosivity calculated from pluviographic
and pluviometric data. Optimally, the rain erosivity is calculated by using long-term
pluviographic (disdrometric) data, even though this type of data is mostly unavailable.
The pluviometric data is often more easy to access but has a major disadvantage as it gives
no information about the duration of the rain [25]; derived three different equations for
three different locations in Parana to relate the erosivity calculated from the pluviometric
data (RPm) with the erosivity calculated from the pluviographic data (RPg). Based on
the aforementioned research [26], calculated the erosivity factor for the whole state of
Paraná in a monthly resolution (Figure 4). In their research [26], integrated data from
114 pluviometric and pluviographic stations with more than 20 years of data (1986–2008).

The values used for this study were extracted from the monthly erosivity maps for the
area of Curitiba. For the whole catchment with its 150 km2, a constant value of R was used
for each month.
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Figure 4. Erosivity in Passaúna and Paraná after [26].

2. Based on Pluviometric Data of Daily Frequency

For calculation of the R Factor using the second approach, the data of two pluviometric
stations in the catchment was used. The stations are part of the hydrological information
system of Instituto das Águas do Paraná. The station of Colonia Dom Pedro was located
in the central part of the catchment while the other station Barragem Sanepar (Dam), is
located in the Southern part of the catchment near the dam (Figure 5). For both stations,
precipitation data from 2000 until 2018 were available with a daily resolution.

 

𝐸𝐼
EI = 68.730 ∙ (C

C

 Stations

 Reservoir

 River

 Catchment

Figure 5. Location of pluviometric stations in the Passaúna catchment.

For calculation of EI, thus the R Factor, the approach by [27] (Equation (5)) was
applied. The precipitation patterns at both locations are similar; therefore, only one value
of erosivity factor was used for the whole catchment (Figure 6).

EI = 68.730·(Cc )ˆ0.841 (5)

Cc = (pˆ2)/P (6)

where p is the average monthly precipitation in mm and P is the yearly average precipita-
tion in mm.
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𝐸𝐼
8.730 ∙ (C

Figure 6. Monthly precipitation for the two locations in the Passaúna catchment.

2.2.4. Cover and Management Factor C

The land-cover factor C is one of the most important factors, when it comes to what
causes the highest inconsistencies in the outputs of a RUSLE-based model [28–30]. Op-
timally, the C Factor is determined from experimental soil erosion plots under natural
rainfall conditions [31,32]. This type of data is often expensive to produce and in most
cases, C Factors are derived from the literature. One of the most important drawbacks
for the use of constant C Factors is the high variability of values for the same land-cover
class among different literature sources. A literature review by [33] showed that the C
Factors among the same class could differ by up to a factor of 100 (Table 3). Another major
disadvantage of constant C Factor values is the inability to capture the spatial and temporal
variability of the factor values among the same LULC class. With the developments in
satellite-based earth observation systems and the increase in data availability during the
last decade, more scientists base their approaches on remote-sensing data [34–36].

Table 3. C-factor values for five land-use/land-cover (LULC) classes in Brazil from a literature review
by [33].

Land Use Cmax Cmin Cmin

Bare soil 1.000 0.696 0.100
Impervious areas 1.000 0.257 0.000
High vegetation 0.090 0.008 0.00004
Low vegetation 0.630 0.099 0.008

Water 0.000 0.000 0.000

For calculation of the C Factor in this study, the Sentinel-2 data was processed, and
spatial information about LULC, urban soil sealing, and NDVI was derived.

For generation of the LULC maps, the Random Forest algorithm was used for pixel-
wise labeling of a Sentinel-2 time series raster stack [37]. The scenes were selected based
on image quality criteria and with the aim of representing different phenological phases.
Train and test sample data were collected through visual interpretation of aerial images
and field work. The estimate of overall accuracy based on a hold-out test set is 84%.

NDVI was the core parameter derived from the Sentinel-2 dataset. The use of NDVI
values for calculation of the C Factors enabled a model setup with a monthly temporal
resolution. NDVI is related to the vegetation density, biomass, and productivity [38]. It was
calculated based on the 10 m red (Band 4) and near-infrared (Band 8) bands of Sentinel-2.
An automated processing chain was established comprising the download, preprocessing
(atmospheric correction), optimized cloud masking, scene selection, and processing of land
surface variables. The automated processing was focused not only on NDVI but also on
other variables like the degree of soil sealing or LULC.

Degree of soil sealing or imperviousness is defined as the fractional coverage of
artificially sealed ground which impedes water from infiltrating into the ground. The
calculation of imperviousness is based on a strong inverse relationship between vegetation
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cover and impervious surface as well as on the idea that an urban landscape can be linearly
decomposed into vegetation, impervious layer, and soil [39,40]. The imperviousness
layer was calculated based on a min-max rescaling of the NDVI derived from satellite
acquisitions between the maturity and senescence onsets. The rescaling was guided by a
visual comparison of results with submeter resolution aerial images as well as findings
by [40], who studied the linear relationship between NDVI and imperviousness across
several European cities.

Two NDVI-based approaches were considered for calculation of the C Factor in this
study: [34,41]. As shown in [32], for the conditions prevailing in Brazil, the methodology
derived from [34] (Equation (7)) produces more reliable results. Therefore, this approach
was used for calculation of the C Factor.

C = (−NDVI + 1)/2 (7)

The previously mentioned satellite-derived data was used to calculate the C Factor
also in non-sealed urban areas. As can be seen from Figure 7, in the urban areas, the NDVI
is in the range of 0.25, which would result in a C Factor of 0.35–0.40, which corresponds
to the C Factor values of arable land. Therefore, a filter was applied to the data with the
simple logical condition that if a pixel in the urban areas had more than 60% soil sealing,
the NDVI at the same location was set to 0.999, as it was assumed that no or very little
sediment can occur from sealed areas.

−

–

 

𝑃 = 1
Figure 7. Correction of normalized difference vegetation index (NDVI) values for urban areas.

2.2.5. Conservation Practices Factor P

During several field trips in the Passaúna catchment, many agricultural properties
were visited. Support practice was observed at almost none of them (Figure 8). Therefore
the P Factor was set to a constant value of P = 1.
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Figure 8. Typical arable land in Passaúna catchment.

2.2.6. Sediment Delivery Model

The sediment delivery ratio plays a crucial role in the outcome of the final sediment
amount reaching the river, as it is directly related to a large number of factors (amount of
soil displacement, geometry of the transporting paths, land cover of the surrounding area,
or amount of surface runoff) [42]. For this study, the SDR was calculated based on the flow
connectivity approach by [43]. Hydrological connectivity is a term often used to describe
the linkages between runoff and sediment generation in the upper parts of catchments
and the receiving waters [44]. The use of the connectivity index as an input parameter for
SDR has shown satisfying results globally [45–48]. For this study, the calculation of the
connectivity index, and subsequently SDR, was implemented in ArcMap 10.5 as described
in [49] based on the following formula:

SDRk = SDRmax/(1 + exp((IC0,k − ICk)/KIC,k)) (8)

where SDRmax is is the maximum attainable SDR coefficient at kth cell, set to 1, as soil in
the Passaúna catchment has a high percentage of clay (0.002 mm), silt (0.002–0.05 mm), and
fine sand (0.05–0.25 mm). ICk is the index of connectivity as explained in [49], IC0,k is a
calibration parameter with a value of 0.5 [43,50] and KIC,k is a calibration parameter with a
value of 2.0 [43,50].

2.3. Sediment in the Reservoir

RUSLE results represent averaged long-term (mostly over decades) soil loss and sedi-
ment input (when RUSLE is combined with the SDR) from the catchment. When dealing
with the results, the challenges are encountered mainly in having a reliable assessment of
the sediment input in cases where no monitoring station is available. Due to their high
trapping efficiency, large reservoirs with long residence times act as sinks for the incoming
sediment. Therefore, they can be used as suitable long-term validation points for sediment
input modeling. Several studies were conducted in this regard [9,51–53]. In order to acquire
fast and accurate sediment information in areas where no previous data are available, a so-
called portable free-fall penetrometer (PFFP) was used to assess the sediment distribution
in the reservoir. PFFPs are not new in marine research (mostly sediment management in
harbors), while their application in freshwater is still limited [54–63].

For this study, the commercial system GraviProbe (GP) produced by the Belgian com-
pany dotOcean (Figure 9) was used. Often, the spatial distribution of sediment thickness
in a reservoir can be determined by bathymetric surveys, if precise pre-impoundment
bathymetry is available [9,64,65]. Most of the time, this information is missing, and even
when it is accessible, often the accuracy of the data does not allow for proper sediment stock
estimation. One of the main advantages of the GP is its independence from previous data.
The GP can deliver rapid results on penetration depth, cone penetration resistance, and
shear strength of the sediment for each deployment. The GP was deployed at 134 points in
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the Passaúna reservoir (Figure 10). To determine the sediment magnitude, the information
from the dynamic cone penetration resistance (DCPR) at some locations in the reservoir was
related to the sediment magnitude data from core samples [12,66]. Characteristic changes
in the sediment density/composition were identified and then related to the changes in the
DCPR from the GP. The sediment thickness could be derived for all other points, where GP
data was available because the relation between DCPR and sediment-pre-impoundment
soil interface was established. This was possible due to the fact that the share of sand
and coarse particles in the Passaúna sediment is smaller than 5% at most locations and
a full penetration could be achieved. From the relation between core samples and GP
information, it was observed that a DCPR of 200 kPa is the threshold between the sediment
and the pre-impoundment soil. More information about the method can be found in [12].

 

Figure 9. Picture of GraviProbe (GP) after deployment.

Figure 10. Location of all GP measurements.

109



Water 2021, 13, 1045

3. Results

3.1. C Factor

For each of the available NDVI maps, the C factor was computed. The highest seasonal
changes in the C Factor values were observed for the cropland (Figure 11). Between January
and February, which is harvesting time, and November, which is seeding time, there is a
change of almost 100% in the average C Factor of the catchment (from 0.15 to 0.28). A high
interannual change in the C Factor was also observed in the scrubland/grassland areas.
Winter and spring are characterized by a low vegetation coverage, whereas summer and
partially autumn reveal a high vegetation coverage. Forests showed moderate changes
mainly because a small percentage of the trees in humid subtropical regions lose their leaves
in winter. The seasonal change in the forest average C Factor (change of <0.05 between
maximum and minimum average C Factor) can also be related to the misclassification of
certain areas with other LULC into forest class. Pasture and meadow follow also a similar
land cover pattern. In summer and autumn, the vegetation cover is high, and in winter and
spring, it diminishes. Bare soil has the smallest changes of all classes. There is a seasonal
change of a maximum of 0.05 among the months and this can be attributed to the errors of
the LULC classification process.

 
Figure 11. Mean C Factor for each land-use/land-cover (LULC) class for all months with available NDVI data.

The difference among the seasons can be clearly observed also in the spatial distri-
bution of the C Factor (Figure 12). The western area of the catchment, where most of the
agriculture activity is located, shows higher values in July than in January. In July (winter
period), the soil is mostly uncovered and has an average C Factor greater than 0.3. While
in January (summer and wet season), vegetation covers most of the catchment area. Only
sporadic parts of the agricultural areas, which were not seeded, had high C Factor values
also in January.

3.2. R Factor

The R factor computed based on precipitation data showed results different from
those calculated by [26]. The largest differences are observed in January, April, and October.
The data by [26] shows high differences among the months and overestimates substantially
for the month of January. The precipitation data from both pluviometric stations show a
more uniform distribution than what is suggested by [26] (Figure 13). The calculations
by [26] also include a margin of error due to the low density of weather stations. In certain
regions, these coarser maps cannot represent accurately the rain erosivity when brought in
a mesoscale plot. Therefore, for the final calculation of erosion and sediment input, the R
Factor calculated from the pluviometric data in the Passaúna catchment was used.
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Figure 12. Spatial distribution of C factor for January (left) and July (right).
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Figure 13. R Factor from two approaches.

3.3. K Factor

In general, the soil in the Passaúna catchment shows a low erodibility factor
(<0.02 t ha h ha−1 MJ−1 mm−1). The most erodible soils, dominated by Distrofic Latossol
(Oxisol), are located in the northern part of the catchment, according to the soil map pro-
vided by the Brazilian Agricultural Corporation (EMBRAPA) [67]. The results are also
aligned with further literature values in that geographic area, which also assessed that the
K Factor for Latossol (Oxisol) is in the range of 0.019–0.026 t ha h ha−1 MJ−1 mm−1 [68–71].
The western part of the catchment, which is also dominated by Oxisol, showed low soil
erodibility with values reaching up to 0.013 t ha h ha−1 MJ−1 mm−1.

In general, as shown in Figure 14, the soil has a similar texture pattern throughout the
catchment area. The silt-clay content of the samples was always larger than 50%. The sand
content in the soil is also relatively high (reaching up to 50% at some locations). Most of
the catchment is covered in sandy clay, which has a low to average erodibility.
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Figure 14. Texture of soil samples (sample number as in Figure 3 Left).

3.4. Sediment Delivery Ratio

Based on the physiographic characteristics of the Passaúna catchment, the SDR was
calculated for each of the investigated months by applying the approach developed by [43]
(Figure 15). In general, the calculated SDR could reach values of up to 0.15 in the dry
months and rarely in some locations of above 0.15. The interannual vegetation cover which
characterizes the region contributes to having low SDR values throughout the catchment.
The highest SDR was observed in unprotected soil areas near the river stretches and at high
slopes. The largest part of the catchment has SDR values lower than 7.5% in both dry and
wet seasons. As explained in [49], connectivity, thus SDR, varies in both time and space.
To define the change in the spatial patterns, the mean SDR was computed for each of the
months. The results show low differences between the months. The mean SDR for the dry
month of July was calculated to be 6%, while for the wet month of January, it was 5%.

—

Figure 15. Sediment delivery ratio (SDR) for the months of July 2017 (right) and January 2018 (left).

3.5. Sediment Input—Initial Model Run

The results show high sediment input in all of the wet months. The highest sediment
input happens in January with 14,000 t, even though the vegetation coverage of the
catchment is rather high. In the month of August, despite the low vegetation cover, the
overall sediment input from the catchment is the lowest (Figure 16). By comparing the soil
loss distribution to the LULC map (Figure 17), it can be observed that high sediment input
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occurs from the forested areas. Even in the months of winter, when precipitation is low,
there is significant sediment input from the forested areas. By comparing the mean value of
the calculated C Factor for the forest areas in the Passaúna catchment with literature values,
it was found that the assessed C Factor is significantly overestimated (Figure 18) from
the method used in this paper. The average C Factor found by [33] (Table 3) is between
10 to 20 times lower than the calculated C Factor values during the months of July and
October (Figure 18) from this study. The values of Max. and Average in Figure 18 refer to
the maximum C Factor found in the literature review (Min = 0). The approach developed
by [34] seems to overestimate the C Factor in forested areas, even though it is not sure
from their research whether the empirical approach they developed can be used in forested
areas. Therefore, an arbitrary correction factor of 0.05 was applied to the C Factor by
multiplication. This value of 0.05 was chosen, as the calculated values of C Factor were 10
to 20 times higher than the average C Factor of forest areas in that region. Furthermore, the
new R Factor, calculated from the pluviometric data, was also included in the new equation
for giving the final results shown in Figures 19 and 20.

Figure 16. Monthly distribution of sediment input from the initial model run.

 

Figure 17. Comparison between initial model run and LULC.
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Figure 18. Comparison of the average C Factor to maximum and average values found in
the literature.

 

Figure 19. Final distribution of sediment input after C and R Factor correction.
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Figure 20. (a) Comparison of the interannual dynamics of the system (b). Comparison of the yearly sediment input.

The C Factor correction decreased the overall amount of sediment input into the
Passaúna reservoir by 30% from an initial 94,300 t a−1 to 57,300 t a−1. After the inclusion of
the new R Factor calculated from the daily precipitation data, the sediment input decreased
by a further 5% to 54,800 t a−1 (Figure 20b). The use of the new R Factor shifted also the
seasonal dynamics of the sediment input. The final model indicates that the most important
month in terms of sediment yield is not January but October (Figure 20a). The month with
the lowest input is April and not August, as suggested by the initial model results. The
spatial distribution of sediment input changes significantly between the final model run (C
and R Factor correction) and the initial model run (Figure 19). The sediment input from
forested areas is reduced substantially in the final model run to less than 0.1 t ha−1. For the
overall operational time of the Passaúna reservoir (30 years), according to the modeling
results, the accumulated sediment stock should be approximately 1.6 × 106 t.

3.6. Reservoir Sediment Stock

As explained in [12], a DCPR of 200 kPa is defined as the vertical consolidation
threshold between the sediment overlay and pre-impoundment soil. The sediment in the
reservoir showed a high spatial heterogeneity of the siltation patterns. Even points at a
horizontal distance of 10 m showed different sediment thickness values, mainly because
of the bottom topography. This underlines the need for large numbers of measurement
points, to obtain representative estimates of the accumulated sediment. Near the deepest
part of the reservoir, a sediment thickness of up to 1.8 m could be observed. The areas
with the highest sediment accumulation are located near the dam and near the inflow
(Figure 21). Also, the sidearm located in the southwestern part of the reservoir showed
high sedimentation rates compared to the northern areas of the reservoir. By applying the
inverse distance weighting interpolation technique, the spatial distribution of the sediment
magnitude was obtained. In total, a stock of 3.4 × 106 m3 of sediment could be measured
in the reservoir. According to [66], the sediment has an average density of 1.12 g/cm3.
Therefore, the total mass of sediment in the reservoir is approximately 3.8 × 106 t.
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Figure 21. (a) Locations of GP measurement and the visualization of the measured value. The pie chart shows the frequency
distribution of the measured values of sediment magnitude (b). The interpolated map of sediment thickness based on the
GP measurements with distribution frequency of the interpolated values. Adapted from [12].

4. Discussion

4.1. Comparison of the Approach to Literature Findings

Several studies were conducted in the Alto Iguacu area in regard to soil erosion [71,72].
Reference [72] conducted a similar study in the Passaúna catchment even though the
methodology followed to calculate erosion was different. The soil loss and sediment input
were calculated in a yearly time step and the calculation of the C Factor was based only on
a LULC map. Despite the similarities in the spatial distribution patterns, the findings from
our study indicate that the soil loss is lower than the amount calculated by [72] (Table 4).
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Our results show that almost 63% of the catchment had very slight, slight, or moderate soil
loss, against 52% found by [72]. Major differences were also observed in areas with very
severe and catastrophic soil loss. [72] calculated that 33% of the catchment had more than
100 t ha−1 a−1 of soil loss, while our results showed that only 12.7% of the catchment had
more than 100 t ha−1 a−1.

Table 4. Comparison of results by this study with results by [72].

Soil Erosion Classes (Annual Mean) Present Study (%) [72] (%)

Very Slight (< 2 t ha−1 a−1) 55
52.0Slight (2–5 t ha−1 a−1) 3.5

Moderate (5–10 t ha−1 a−1) 3.7

High (10–50 t ha−1 a−1) 15.8 10.0

Severe (50–100 t ha−1 a−1) 9.0 5.0

Very Severe (100–500 t ha−1 a−1) 11.3
33.0Catastrophic (>500 t ha−1 a−1) 1.4

Reference [73] conducted another study in the Passaúna watershed, but focused mostly
on the continuous monitoring of suspended solids in the Passaúna river before entering the
reservoir. In his study, [73] collected 33 large-volume river samples between February 2018
and July 2019. In his study, also measurements from one intensively measured high-flow
event of October 2018 were included. The point where the measurements were conducted
collects water from 55% of the overall Passaúna Reservoir catchment. For this case, [73]
calculated an annual average flux of 10,800 t a−1. This value is approximately 300% lower
than the value calculated for sediment input from 55% of the catchment from this study.
Reference [73] explains the relatively low flux values with the importance of episodic
high-flow events, whose dynamics are not properly described and, in this case, are strongly
underestimated by the derived rating curves of suspended solids.

Other regional studies such as that by [71] or the more holistic study by [36] show
similar patterns of soil loss in the area of Parana and Alto Iguacu. However, the information
presented in these studies is too coarse and cannot be directly compared with our findings.

4.2. Sediment Input from Catchment vs. Reservoir Sediment Stock

By comparing the results from the two approaches, it could be observed that the
sediment stock is 229% higher than the overall sediment input from the catchment, as
calculated from the model (Figure 22). The discrepancies in the results of the modeling are
rather high. However, when we refer to the sediment stock, all the material entering the
reservoir is included, including here the organic and mineral material that was inside the
reservoir before impoundment or which was deposited during the construction phase of
the reservoir. In addition, based on the definition by [14], USLE (and subsequently RUSLE)
accounts only for the sheet and rill fractions of the soil loss. Therefore, further factors
have to be considered to reach a complete estimate of sediment input from the catchment
(Table 5).
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∙ A ∙ A

Figure 22. Comparison of the sediment stock in the reservoir with the sediment input from the
catchment. The dashed line shows the margin of error as described in [12].

Table 5. Overview of factors creating inconsistencies.

Factors Creating Errors

In reservoir

Internal production
Existing biological stock

Errors of the measuring concept
Trapping efficiency of reservoir

In catchment

Errors associated with RUSLE calculations
Errors associated with SDR calculations

Non-inclusion of gully erosion in RUSLE
Non-inclusion of channel erosion in RUSLE

One important factor that can create bias in the sediment budget is the error created
from the measuring and processing technique in the assessment of reservoir sedimentation.
After the interpolation, the frequency distribution of sediment magnitude values changes
significantly as shown in the pie charts of Figure 21a,b. This indicates that the interpolation
technique has a significant effect on the overall results. The average sediment magnitude
of the raster is 40 cm, which is 30% smaller than the average of all measurements (57 cm).
An underestimation of the average value from the interpolation technique shows an
underestimation of the calculated sediment volume.

In order to properly compare the interpolated map with the measured values, the
spatial component should also be taken into consideration. This means that if most of the
measurements are located in the thalweg (disproportionally with its surface compared
also to the bank slope areas), the average value for the measurements will be higher than
the average from the interpolated values, as most of the accumulation is expected to be in
the thalweg. Therefore, the reservoir was divided into two parts, thalweg and reservoir
bank slope, as shown in Figure 23. For each of the compartments, the average sediment
thickness from the GP measurements was calculated. Finally, an overall average value for
the whole reservoir was calculated as shown in Equation (9).

M = (Mt·At + Mb·Ab)/(At + Ab), (9)

where Mt and Mb are the averages of the measurements in the thalweg and reservoir bank
respectively, while At and Ab are the areas of the aforementioned compartments.
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Figure 23. Division of the reservoir into compartments for the calculation of a representative averaged
sediment thickness of the reservoir via the GP.

Based on Equation (9), the average sediment magnitude measured in the reservoir is
62 cm, thus 36% higher than the mean raster average (40 cm). Hence, the interpolation can
lead to an underestimation of the sediment stock of up to 36%.

Another important factor, which can affect the sediment balance in the Passaúna
reservoir, is the contribution of internal production to the sediment stock. Apart from
acting as a sink, the reservoir acts also as a source of particles. Due to the climatic conditions
and the relatively high nutrient availability (mesotrophic state), the reservoir is productive
for plankton communities. Therefore, the autochthonous material created in the reservoir
can play an important role in the sediment balance of the system. In other studies, it
was observed that the autochthonous material can account for up to 75% of the sediment
stock [74]. Even if the exact share of internally produced sediment cannot be defined, the
high LOI (>20%) in the main basin of the reservoir in comparison to average values of ~10%
at the inflow underlines the importance of autochthonous production. Moreover, before
flooding, the reservoir area was not cleaned from the existing biomass. Several trees and
former vegetation areas are still visible at the reservoir bottom (Figure 24). This organic
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material (sometimes degraded) also plays its role in the bias created when comparing
both approaches.

a

b

–

–

–
–

the NDVI values), the topsoil’s physical properties between these two classes are com-

Figure 24. (a). Image from vegetation in the Passaúna reservoir bottom; (b). Sediment core from
Passaúna Reservoir.

One of the most discussed limitations of RUSLE is its inability to represent also
gully and stream bank erosion [75–77]. Even with the calculation of the SDR based on
the connectivity index, the uncertainties about the prediction of gully and streambank
erosion are still present. In comparison to sheet and rill erosion, gully erosion is generally
less investigated. However, various studies [78–80] showed that gullies substantially
contribute to the sediment budget at a catchment scale. They do not only contribute as a
sediment source, but also increase the efficiency of sediment transport from uplands to
the valley bottom and river channels, as most of the sediments generated from rill and
inter-rill erosion that are not connected to gully structures are deposited at the foot of the
hillslopes [81].

Reference [82] estimated that 47–83% of the sediment occurred from gully erosion. In
addition, [81] indicated in a review study, that worldwide, gullies can represent 10–94% of
the total sediment yield from water erosion. When referring to the sediment input from the
catchment, it is still unknown to what extent the gully structures contribute to this budget
for the case of Passaúna.

4.3. Limitations of Normalized Difference Vegetation Index (NDVI)-Based Approaches for the
Estimation of the C Factor in Forested Areas

When water is the erosive agent, there are three main phases that characterize erosion.
The first phase is the detachment of soil particles. In this phase, the potential energy of the
raindrops due to its absolute elevation is transformed into kinetic energy. The free fall of
the raindrops due to gravity causes remobilization of soil particles when the drops hits the
soil surface. The second phase is the transport of the detached material by the accumulated
flow, and the final phase of erosion is deposition, which occurs when the transport forces
are depleted [14,83,84]. In the C Factor results before correction, a similarity in the values
of plant-covered arable land and forest areas was observed. Despite the similarities in the
cover canopy between planted arable land and forest (according to the NDVI values), the
topsoil’s physical properties between these two classes are completely different. While in
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the erosion component associated with the rain splash, both LULC classes behave similarly
due to the similar protection by the plant canopy, in the component of erosion associated
with runoff, forest and arable land behave differently. The soil surface below the plant
coverage in arable lands is basically bare and facilitates the detachment of soil particles
from surface runoff. In contrast to this, the soil in intact forests is normally covered by
low vegetation (grass or meadows) and leaf litter, which hinders the creation of runoff
and reduces the soil particle detachment. In addition, the soil is more compact in forested
areas than in arable land where tillage almost always takes place. In its original form, the
C Factor has a direct relation to the soil loss ratio (SLR) [15]. The SLR is a product of five
sub-factors, which are prior land use, canopy cover, surface cover, surface roughness, and
soil moisture. All of the former factors, except the canopy cover, are associated with the
conditions of the soil surface, indicating the importance of the top soil conditions for soil
movement initiation. Therefore, the C Factor cannot be quantified only by taking into
consideration the vegetation index (canopy cover) but should also include the properties
of the soil surface, especially in non-agricultural areas [85–88].

4.4. Management Implications

In terms of management, an analysis was performed on how the soil loss and sediment
input from the catchment could be reduced by afforestation in the most problematic areas
characterized by high soil loss rates. For this purpose, three scenarios were investigated;
more specifically, afforestation of areas with more than 100, 200, and 250 t ha−1 a−1 of soil
loss, which account respectively for 12%, 5%, and 3% of the catchment area (Figure 25).
From our calculations, it was found that with full afforestation of these areas, a reduction of
50%, 27%, and 26% of the annual sediment input could be achieved. Such a measure, apart
from tackling the soil degradation in the catchment, can also contribute to significantly
increasing the reservoir lifetime.

–

−1

−1

 

Figure 25. Areal coverage of problematic areas for scenarios (A–C) and the respective reduction of sediment input from
afforestation. The area in percentage refers to the percentage of the catchment that each management scenario affects.
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October and September are the most important months in regard to sediment input
and soil loss (Figure 20). For October in particular, the combination of the RUSLE factors
is the most effective for producing the highest amount of soil loss. Figure 26 shows the
combination of C and R Factors for the three most characteristic months of the year. In the
case of the C Factor, October has the same values as July, which is one of the driest and
coldest months of the year and has the lowest vegetation cover. As far as the R Factor is
concerned, the erosivity is as high as the erosivity in the month of January, which is the
month with the highest rainfall. In the case of October, the worst possible combination is
present as the rainfall erosivity is maximal, while the vegetation cover is minimal. This
combination of factors produces the highest soil loss from a system. In the case of proper
land management implementation, like crop rotation, applying crop residues and cover
crops in the unprotected soil during the winter and spring months (April–October), a
significant reduction of the sediment input could be achieved [89–91].

–
–

 

Figure 26. C Factor and R Factor for three months (January, July, October).

4.5. Uncertainties of the Sediment Yield Model for the Passaúna Catchment

RUSLE was developed as a tool for long-term soil loss calculation. By calculating the
C Factor from a certain scene in 2017 or 2018, it is assumed that the LULC of that specific
month has not changed during the last 20 years (rain data available for approx. 20 years).
This is to a certain extent not correct. In Parana state, from 1990 until 2019, there has been
an increase of almost 45% in arable land and a 5% annual increase in urban areas [92]. Most
of this area that was transformed into agricultural land used to be forest, which suggests a
gradual increase in erosion in the last 20 years.

This is one of the major drawbacks of the method. However, this drawback can also
represent an opportunity. In the case of available precipitation and NDVI data for single
months for the entire investigated period, RUSLE could be adapted also for calculation
of the actual sediment input and soil loss from that certain month of that specific year. In
this way, a calibrated model could be used to derive an accurate balance of sediment input
for each month and not only a long-term monthly average of sediment input as in most
applications so far.
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4.6. Benefits from the Integration of Sentinel-2 Data in Erosion Modeling

The use of vegetation index for calculation of the land cover factor from freely available
data is not new. Several studies were conducted based on this principle. However, the
spatial and temporal resolution of the images (Landsat or MODIS) in most of the existing
literature is relatively low (around 30–250 m) compared to the also freely available Sentinel-
2 data [32,93–96]. Improved spatial accuracy and flyover frequency of satellite imagery
leads to better erosion modeling results [97,98]. In the tropics and sub-tropics, it is likely
that a sequence of satellite scenes show high cloud cover, leading to large data gaps. This
emphasizes the importance of short flyover intervals in order to represent fast-changing
conditions in the catchment. Furthermore, by the application of more advanced processing
steps, more specific information can be derived about the investigated area (for example,
the degree of soil sealing). Certain information can be used, as in the case of this study, for
a better mapping of erosion and sediment input from urban or semi-urban areas.

Despite the prevailing discrepancy between the sediment yield and accumulated mass
inside the reservoir, the model is fully capable of representing the spatial and temporal
patterns of soil loss and sediment yield. The application of RUSLE-based models in monthly
resolution as decision support systems, due to the increased performance of the model in
both spatial and temporal dimension, can lead to an improved river basin management.
Specifically, as shown in the previous section, the inclusion of NDVI data can enable the
planning of management activities not only in high spatial accuracy but also aimed at the
temporal dimension by highlighting the most problematic months of the year. The latter is
of high importance as it may lead to reduced catchment management costs.

5. Conclusions

In this study, the modeled sediment yield from a catchment with the sediment stock in
a reservoir at the outlet of the catchment is compared. For assessment of the sediment yield
from the catchment, a RUSLE-based model was used. The error margins of the RUSLE
model results can fluctuate considerably. Therefore, the models have to be coupled with
validation measures. This study shows that reservoirs can be used as validation points,
despite some limitations. The use of reservoirs as validation points represents a good
opportunity, as they collect almost entirely the incoming sediment. Reservoir sediment
stock measurements are often easier to achieve than conventional continuous sediment flux
monitoring, which produce a high sampling effort and need to deal also with large errors
due to the high variability in the river stretches. The assessment of the siltation status of the
reservoir creates added value for every operator. In the case of complex systems, however,
as shown in this study, several other factors can affect the reservoir sediment balance and,
therefore, be misleading regarding the aim of the research. Reservoirs of lower process
complexity (e.g., in mountainous areas, low organic material input, or low temperatures)
can be more easily used as validation points.

This study showed that the most important factors that create discrepancies for the
case of the Passaúna sediment budget are associated mostly with the sediment yield model.
On the other hand, when including the errors because of the interpolation technique, the
underestimation of sediment yield from the model may become even greater. Even though
we fully agree that a RUSLE-based model can reproduce the spatial and temporal patterns
of sediment yield from a catchment, the comparison of the approaches in this study shows
that there are clear limitations of using modeling approaches for reservoir sediment stock
or reservoir lifetime assessment. The two components of the model (RUSLE and SDR
model) do not allow the usage of only one calibration point as it is impossible to track
the source of error. In order to increase the accuracy of the results, models including the
effects of channel, gully, and artificial ditches are needed, and these models need to be
calibrated with complementary measures (river-suspended solids and bedload monitoring,
calibration of models with erosion plots, or quantification of gully erosion).
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Abstract: Deforestation due to agricultural land expansion occurred greatly during 1994 to 2005 with
a high proportion of forests being converted into agriculture in the upstream Dong Nai river basin in
Vietnam. Most of these conversions included expansions of coffee plantations in Dak Lak and Lam
Dong provinces, which are in the world’s Robusta coffee production area. The aim of this study is
to quantify the impact on the water cycle due to the conversion of forest to coffee plantations in a
tropical humid climate region by the application of a hydrological model: soil and water assessment
tool (SWAT). The model was calibrated with climate data from 1980–1994, validated with climate
data from 1995–2010, and verified with statistical indicators such as Nash–Sutcliffe efficiency (NSE),
percent bias (PBIAS), and ratio of the root mean square error (RSR). The simulations indicated
that forest conversions into agriculture (expansion of coffee plantations) had significantly increased
surface runoff (SUR) while actual evapotranspiration (ET), soil water content (SW), and groundwater
discharge (GW) decreased. These changes are mainly related to the decrease in infiltration and
leaf area index (LAI) post land cover changes. However, the soil was not thoroughly destroyed
after deforestation due to the replacement of the lost forest with crops and vegetation. Therefore,
changes in infiltration were marginal and not sufficient to bring large changes in the annual flow.
Higher reductions in ET and SW were proposed, resulting in reduced streamflow in the dry season
at the basin where the proportion of agricultural land was higher than the forest cover. Besides
the plantation expansion, which resulted in streamflow reductions in the dry season, an existing
problem was over-irrigation of coffee plantations that could likely deplete groundwater resources.
Hence, balancing economic benefits by coffee production and mitigating groundwater depletion
issues should be prioritized for land use management in the study area.

Keywords: Dong Nai river basin; LUCC; flow regime; SWAT; coffee plantation

1. Introduction

The population of Vietnam has increased rapidly since 1960 and reached nearly
96 million by 2017. The Vietnamese government initiated a series of economic reforms in the
mid-1980s, which were aimed at stimulating economic growth, the most remarkable policy
being the New Economic Zones program. This policy resulted in large-scale displacement
of residents to uninhabited areas due to expansion of the agricultural land. These factors led
to the conversion of land use and land cover in Vietnam after mid-1980s [1]. Furthermore,
since 1998, the Vietnamese government implemented multiple national No programs for
poverty reduction and programs for socio-economic development in mountainous areas; for
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example, Decision No.133/1998/QD-TTg dated 23 July 1998, Decision No.135/1998/QD-
TTg dated 31 July 1998, and Decision No.143/2001/QD-TTg dated 27 September 2001.
These decisions highlighted migration and land reclamation as important projects of the
program, which in turn led to a major disturbance in land use.

As described in [2], forested area declined sharply between 1994 and 2005 throughout
the study area, which was the upstream Dong Nai river basin (UDNB) (Figure 1), due to the
conversion to agricultural land caused by exponential population growth. The proportions
of forest and agricultural land in 1994 were 73% and 23%, respectively, which subsequently
changed to 51% and 40%, respectively, in 2005. It led to an immediate increase in total
discharge, streamflow, and abundant, low, and scanty runoffs. This study was initiated to
complement the results of Truong et al., (2018) [2], and analyze the elements, which alter
the streamflow, through the evaluation of the changes in the hydrological components by
using the soil and water assessment tool (SWAT) model [3].

Figure 1. The UDNB with weather, stream gauges and hydropower-plant locations. (Modified
from [2]).

Research on the impact of land use/land cover change (LUCC) on hydrology has
increased since the 1960s. Several reviews [4–9] have focused on the changes in the
annual streamflow and neglected the changes in flow regime. These studies revealed
that increased forest cover reduced the annual streamflow and vice versa; additionally, the
total annual water yield increased with the increase in lost forest percentage [10]. However,
the studies on the effects of LUCC in large tropical river basins could not estimate similar
relationships [6], whereas water resource management usually requires information on
regional (>1000 km2) or large-scale catchments [11]. Furthermore, the effect of forest cover
change on flooding, particularly in developing countries, is an ongoing discussion [12,13].
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Bradshaw et al., (2007) [12] shows that flood frequency is positively correlated with natural
forest area loss by using generalized linear modeling. Yet, Van Dijk et al., (2009) [13]
reanalyzed the data used in [12] and suggested that the removal of trees does not affect
large flood events. It is also known that forests present finite capabilities to retain large
amounts of precipitation, especially during extreme rainfall events, even if the forest cover
percentage is significantly high [14,15]. Defining a threshold above which forest cover is no
longer effective in reducing a flood is a challenge in forest hydrology [16].

The following summaries of the study in a large tropical rainforest river basin present
different perspectives on the overall impact of vegetation on streamflow. Few catchment
studies indicated that the annual discharge increased with forest-to-crop expansion due to
low evapotranspiration and infiltration rates.

Thanapakpawin et al., (2006) [17] assessed hydrological regimes with land use change
at the Mae Chaem river basin (3853 km2, elevation 255–2565 m) in northwestern Thailand;
this was achieved by three forest-to-crop expansion scenarios and a crop-to-forest reversal
scenario. The results showed that unregulated runoff increased with the conversion from
forest to crops, owing to decreasing evapotranspiration and irrigation diversion directly
influencing discharge magnitude and significantly varying water yields. Similarly, Costa
et al., (2003) [18] evaluated the effect of land use changes on discharge in the upper Tocantins
basin (175,360 km2). The authors estimated the annual and seasonal mean discharges with
two datasets: (1) agricultural land use of 30.2% (1960) and climate data during 1949–1968;
and (2) agricultural land use of 49.2% (1995) and climate data during 1979–1998. Although
precipitation did not significantly differ between the two periods, the annual discharge
increased by 24%, rainy season discharge increased by 28%, and seasonal peaks occurred
about one month earlier. Post land cover changes, reduced infiltration, increased the
rainy season surface flow and actual evapotranspiration reduction increased the discharge
throughout the year.

Studies conducted in Vietnam also concluded that forest gain can decrease annual
runoff while forest loss affects in the opposite way. Nguyen et al., (2014) [19] simulated
water discharge in the Srepok watershed in the central highlands by using the SWAT
hydrological model. The increase in forest cover area from 50.45% in 2000 to 79.59% in
2010 resulted in the reduction in surface runoff percentage by half. The impact of land use
changes on hydrological processes in the Be River catchment was investigated with SWAT
by Khoi and Suetsugi (2014) [20]. The results indicated that deforestation increased the
surface runoff and soil water content (over 10%) while actual evapotranspiration, water
yield, and annual flow increased marginally (approx. 1%).

In contrast, other studies showed that vegetation has no impact on streamflow.
Wilk et al., (2001) [21] used the Hydrologiska Byråns Vattenbalansavdelnin (HBV) hy-
drology model, which is a conceptual model that simulates daily discharge with input
data of daily rainfall and temperature, and monthly estimates of potential evaporation to
determine the rainfall or change in runoff regime after a decrease in forest cover from 80%
(1965) to 27% (1992) at the Upper Nam Pong Basin (area 12,100 km2, elevation 300–1400 m)
in northeastern Thailand. However, no detectable trends in river discharge were observed
possibly due to a significant number of remaining trees and secondary growth on agricul-
tural land. Beck et al., (2013) [22] examined the effects of afforestation on the streamflow
for 12 mesoscale catchments (area 23–346 km2) in Puerto Rico. However, the correlation
between changes in the forest area and changes in streamflow was insignificant. The three
possible reasons were data errors, heterogeneity in catchment response, and streamflow
generation in the headwater areas, whereas changes in forest area mainly occurred in the
drier lowlands. Similarly, the spatial variations of LUCC on streamflow were estimated in
the study by Liu et al., (2020) [23].

In addition, the effects of logging methods on water yield and streamflow in the
tropical forest watershed were conducted by Malmer (1992) [24]. Malmer observed that a
combination of burning and no soil disturbance substantially increased the water yield as
compared to cases that experienced soil disturbance and loss of infiltrability. Additionally,
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it led to high-speed runoff during storms in Mendolong, Malaysia, which included six
catchments with areas varying from 3.4 to 18.2 ha.

The purpose of this study is to quantify the impacts on the water cycle due to the
conversion of forest to coffee plantations in the UDNB, a large tropical rainforest basin, by
assessing the changes in the water balance components, such as the actual evapotranspira-
tion (ET—actual evapotranspiration during the time step; measured in mm), surface runoff
(SUR—surface runoff contribution to streamflow during the time step; measured in mm
H2O), groundwater discharge (GW—groundwater contribution to streamflow during the
time step; measured in mm), and soil water content (SW—amount of water in soil profile at
the end of the time period; measured in mm). Effective water resource management and
strategic planning needs to consider the effect of LUCC and water availability, particularly
in the agricultural sector. The findings from this study will be significant to decision-makers
working for integrated river basin management for the development of land use adaptation
and mitigation strategies.

2. Materials and Methods

2.1. Study Area

UDNB is located in Vietnam in the central highlands, which is a tropical humid zone
receiving southwest monsoons; 90% of the annual rainfall (the average rainfall from 1993
to 2012 was 2415 mm/year) occurs during the rainy season (May–October) while the dry
season (November–April) receives the remaining rainfall. Since the basin extends from
the mountains to the lower plains, the temperature varies significantly throughout. The
average temperature ranges between 18 and 26 ◦C [2] (Figure 2).

 

Figure 2. Mean monthly temperature and precipitation at different elevations in three stations Da
Lat (>1000 m), Bao Loc (400~1000 m), and Long Khanh (<400 m) (a). Mean monthly streamflow
compared to precipitation at Ta Lai and Ta Pao stations (b). (Precipitation data are not available at Ta
Pao station).
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The main stem of the Dong Nai River originates from the high hill (elevation 1000 m
to 2000 m) north of Lam Dong province, where it is called Da Nhim River. Its flow course
initially follows the southwestward direction and later turns to the west forming the border
line between Lam Dong and Dak Nong provinces. Thereafter, Dong Nai River heads to the
southeast and crosses Dong Nai province in the southwest. The La Nga River originating
from Lam Dong province lies to the south of the basin and merges into the Dong Nai River
before it flows into the Tri An reservoir [25] (Figures 1 and 3). The high-gradient streams
indicated a steep slope and rapid flow of water.

Figure 3. Land-use changes of UDNB in 1994 and 2005 (a,b); Trends in the planted areas of multi-year
industrial crops (c) and administrative boundaries of Lam Dong province (d) (Data source: Lam
Dong Statistical Office).

2.2. Land Use/Land Cover Change in the Study Area

According to [2], land use changed intensely between1994 to 2005; a high proportion
(area approximately 3343 km2, which accounts for 31.12% forest cover) of forest land was
converted to agricultural land. Dense forest and sparse forest/shrub of the forest area
constituted 73% whereas agricultural land, which included perennial orchard and crops
constituted 24% of the total area (14,706 km2) in 1994. The forest cover decreased to 51% in
2005 while agriculture land increased to 45%. The majority of the land use changes were in
Lam Dong and Dak Nong provinces. Figure 2 shows land cover maps of the UDNB for
1994 and 2005 classified from Landsat 5 TM images (path 124 row 52, 7 January 1994; and
22 February 2005) (reference from [2]).

The coffee sector in Vietnam grew exponentially throughout the 1990s due to gov-
ernment mandates and incentives in the form of favorable credit, subsidized inputs, and
low-cost land for exporting crops. Since the early 2000s, Vietnam became the world’s
second-largest coffee producer with 30% contribution to the GDP of the central highlands,
the largest Robusta coffee production area worldwide [26]. In this region, Lam Dong and
Dak Lak (Dak Lak was divided into two separate provinces: Dak Lak and Dak Nong since
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2004) are the largest coffee producing provinces, which cover nearly 3442 km2 (68%) of the
total 5065 km2 area of coffee plantations of Vietnam in 2003 [27]. The coffee plantations in
Lam Dong province increased by 819.43 km2 (from 355.95 km2 to 1175.38 km2) (Figure 2).
Five districts including Bao Lam, Bao Loc, Duc Trong, Di Linh, and Lam Ha observed
major land use changes in Lam Dong province and comprised the largest coffee plantations
(over 90% of Lam Dong’s total coffee plantations) (Table 1). However, the area under
coffee plantations increased from approximately 1500 km2 in 1994 to 2400 km2 in 1999 and
subsequently to 2800 km2 in 2001 (accounting for 51.25% of agricultural land and 14.28% of
the total area) [28]. Thus, the majority of land use conversions in the study area accounted
for expansion of coffee plantation.

Table 1. Coffee Planted Areas by Districts in Lam Dong Province (km2).

Year 1995 1999 2000 2001 2002 2003 2004 2005

Lac Duong 2.01 14.02 16.55 16.55 16.70 16.52 13.77 10.40
Dam Rong - - - - - - - 30.94

Da Lat 8.03 34.29 38.41 36.76 34.4 34.6 33.12 33.45
Don Duong 4.48 14.60 17.02 13.56 10.11 8.56 8.56 7.96

Lam Ha 217.50 333.53 344.36 344.94 346.30 343.22 340.17 320.61
Duc Trong 18.07 92.26 101.61 109.54 93.79 86.03 80.91 78.79

Di Linh 229.63 373.32 382.92 378.34 362.96 361.92 361.62 361.63
Bao Lam 183.63 262.36 263.64 262.94 257.94 257.08 257.69 259.47
Bao Loc 30.55 61.44 64.41 72.74 68.86 69.82 68.27 69.39
Cat Tien 2.00 2.09 1.70 0.57 0.55 0.30 0.30 0.00

Da Huoai 3.31 10.11 9.34 6.3 3.58 1.26 0.87 0.62
Da Teh 1.20 2.13 3.63 3.48 2.52 2.37 2.12 2.12

Total 701.04 1200.15 1243.59 1237.39 1190.01 1181.68 1167.4 1175.38

Data source: Lam Dong Statistical Office.

2.3. The Soil and Water Assessment Tool (SWAT) Model

Hydrological modeling was selected to quantify the impacts of LUCC and climate
variability on the hydrological parameters. Globally, many researchers have confirmed the
high performance and algorithms of SWAT [1,29–36]. SWAT model [36,37] is a continuous,
long term, distributed parameter model that was developed to predict the long-term
impacts of land management practices on water, sediment and agricultural yields in
large complex watersheds with varying soils, and land use and management conditions.
SWAT requires specific information about weather, soil properties, topography, vegetation,
and land management to model the physical processes associated with water movement,
sediment movement, etc.

A watershed is divided into multiple subwatersheds, which are further subdivided
into hydrological response units (HRUs) that comprise homogeneous land use, land man-
agement, and topographical and soil characteristics [3]. The hydrologic cycle simulated by
SWAT is based on the water balance equation:

SWt = SW0 +
t

∑
i=1

(

Rday − Qsur f − Ea − wseep − Qgw

)

(1)

where SWt is the final soil water content (mm H2O), SW0 is the initial soil water content
on day i, t is the time, Rday is the amount of precipitation on day i, Qsur f is the amount of
surface runoff on day i, Ea is the amount of evapotranspiration on day i, wseep is the amount
of water entering the vadose zone from the soil profile on day i, and Qgw is the amount
water return flow on day i (mm H2O). A detailed description of the model is given in the
SWAT theoretical documentation [38].

134



Water 2022, 14, 854

Input Data

SWAT model requires a digital elevation model (DEM), land use/land cover, soil
properties, meteorological, and observed streamflow data.

• DEM. The DEM of the basin was derived from SRTM30 data that have been pub-
lished by the United States National Aeronautics and Space Administration (NASA)
(Figure 1).

• Soil properties. We used the soil map of the world developed by the Food and
Agriculture Organization (FAO) of the United Nations.

• Land use and land cover data. The land use maps of 1994 and 2005 with seven
land cover classes, dense forest, sparse forest/Shrub, perennial/orchard, crop land,
built-up/residential, marsh/grasses, and water body, which were classified from the
Landsat imagery, were used (Figure 2) [2]. To assess the performance of SWAT under
LUCC, the daily hydrographs for the two land use maps 1994 and 2005 with the same
climatic conditions and model parameters were simulated.

• Meteorological data. Data for daily precipitation (mm), maximum and minimum
temperatures (◦C), solar radiation (Wm−2), wind speed (ms−1), and relative humidity
(%) were provided by the provincial department of natural resources and environment
(DONRE). The study area was located in a tropical humid zone receiving southwest
monsoon; 80% of the annual rainfall occurred during the rainy season (May–October)
while the dry season (November–April) received the remaining rainfall. As UDNB
extends from the high hills to the low plain area, temperature and precipitation vary
significantly (Figure 3).

• Streamflow data. Daily streamflow data (m3/s) at Ta Lai station from 1 January 1987
to 31 December 2010 were collected and data at Ta Pao station from 1 January 1980 to
31 December 2010 (Figure 1) were compared with the modeled surface flow.

2.4. Model Setup and Performance Evaluation

In this study, we used the geographic information system interface ArcSWAT to
parameterize the model. Basin delineation was implemented by delineating the stream
network from SRTM30 gridded DEM data, and assigning Tri An dam as the outlet of the
study basin. The basin was divided into 111 sub-basins (SB) (Figure 3). Later, 979 HRUs
were created based on the map combinations of land use, soil, and slope map. The observed
meteorological data and streamflow data were used for calibration (1980/1987–1994) and
performance validation (1995–2010) in the daily time step of the flow simulation. The
uncertainty analysis was conducted by sequential uncertainty fitting (SUFI-2) method,
which was implemented in the SWAT-CUP [39]. The final calibrated parameters for the
basins of Dong Nai and La Nga rivers are presented in Table 2.

Table 2. Highly Sensitive Final Calibrated Parameters.

Parameter Description of Parameter Range
Best Simulation

Dong Nai La Nga

CN2.mgt Initial SCS CN II value −0.5–0.5 −0.312 −0.098
CH_K2.rte Channel effective hydraulic conductivity −0.01–500 219.299 35.765

ALPHA_BF.gw Baseflow alpha factor 0–1 1.203 1.003
SOL_AWC.sol Available water capacity −0.5–0.5 0.942 0.559

GWQMN.gw
Threshold water depth in the shallow aquifer

for flow
0–5000 1654 2021

REVAPMN.gw
Threshold water depth in the shallow aquifer

for “revap”
0–1000 925 925

GW_DELAY.gw Groundwater delay 0–500 8.219 33.853
SOL_Z.sol Soil depth −0.2–0.2 0.000 0.000

GW_REVAP.gw Groundwater ‘revap’ coefficient 0.02–0.2 0.288 0.072
SOL_K.sol Saturated hydraulic conductivity −0.5–0.5 0.220 0.220
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Ten land surface response parameters significantly affected the streamflow simulation,
and therefore, they were the most sensitive parameters of the model. Among these, CN2 and
SOL_AWC directly govern surface response by controlling the SUR that directly contributes
to the streamflow. Curve number II (CN2), which is a function of watershed properties
that includes soil type, land use and treatment, ground surface condition, and antecedent
moisture conditions [40], adjusts the soil humidity for different land uses to estimate the
surface runoff. Low values of CN2 reflect decreased SUR and increased baseflow. Yet, the
climate in the study area has distinct wet and dry seasons. The curve number method is
able to account for this by using the empirical rainfall-runoff relationships for dry, average,
and wet antecedent wetness conditions (CNI, CNII, and CNIII). Dile et al. [41] indicated
that the curve number method works better in the wet season (high rainfall conditions)
that it is able to be useful for hydrological simulation in tropical regions. The average
streamflow in the dry season (low rainfall conditions) is small, resulting in only small errors
in estimating streamflow. SOL_AWC is the volume of water available for plant uptake
when the soil is at field capacity and can be estimated by determining the quantity of
water released between the field capacity of soil and the point of permanent wilting [40].
Low values of SOL_AWC indicate a low soil capability to maintain its humidity, which
subsequently increases the amount of water available for surface runoff and percolation.
One of the parameters governing subsurface response is GW_REVAP, which controls the
amount of water that will move from the shallow aquifer to the root zone as a result of soil
moisture depletion, and the amount of direct groundwater uptake from deep-rooted trees
and shrubs [42]. A low GW_REVAP value reflects restricted movement of water from the
superficial aquifer to the root zone, while a high value indicates that the transfer rate is
close to the rate of evapotranspiration.

According to Moriasi et al. [43] three quantitative statistics, Nash–Sutcliffe efficiency
(NSE), percent bias (PBIAS), and the root mean square error (RSME)—standard deviation
(STDEV) of measured data ratio (RSR) were used for model evaluation. Model performance
can be judged based on the general performance ratings (Table 3) obtained by these values.
RMSE values less than half the STDEV of measured data indicate an acceptable error
range. According to that, less than 0.5 RSR value as the most stringent “very good” rating,
and two less stringent ratings of 10% and 20% greater than this value for the “good” and
“satisfactory” ratings, respectively [14,44]. The formulae for these statistics are given below.

NSE = 1 −







∑
n
i=1

(

Yobs
i − Ysim

i

)2

∑
n
i=1

(

Yobs
i − Ymean

)2






(2)

PBIAS =





∑
n
i=1

(

Ysobs
i − Ysim

i

)

∗ 100

∑
n
i=1 Yobs

i



 (3)

RSR =
RSME

STDEVobs
=

√

∑
n
i=1

(

Yobs
i − Ysim

i

)2

√

∑
n
i=1

(

Yobs
i − Ymean

)2
(4)

where Yobs
i corresponds to the ith observation for the constituent being evaluated, Ysim

i is
the ith simulated value for the constituent being evaluated, Ymean is the mean of observed
data for the constituent being evaluated, and n is the total number of observations.

SWAT model for the Dong Nai upstream river basin was calibrated by comparing the
simulated and observed streamflow data at two gauge stations, Ta Lai (main stream of the
Dong Nai river) and Ta Pao (main stream of the LaNga river) (Figure 1). The comparison of
calibration and validation data (red line) of the model with the observed data (blue line)
at the Ta Lai and Ta Pao stations is shown in Figure 4. It indicates that the model closely
replicated the observational data during the calibration period. The statistical evaluations
are shown in Table 4 also suggest a good agreement between the measured and simulated
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streamflow. PBIAS was approximately 12.92% and 0.35% for the calibration period and
−7.47% and 1.20% for the validation period at the Ta Lai and Ta Pao stations, respectively.
The correlation coefficients NSE were 0.88 and 0.85 at Ta Lai station, and 0.67 and 0.51 at
Ta Pao station for the monthly streamflow in the calibration and the validation periods,
respectively. Although the RSR for the validation period at the Ta Pao station was 0.70
(within the range of “satisfactory” benchmarks), which was comparatively less accurate,
the results of the performance were still considered satisfactory, which indicates that the
fundamental rainfall-runoff relationship is well documented. Thus, we affirm that these
results indicate “good performance”.

Table 3. General Performance Ratings of Statistical Indices for Monthly Streamflow Simulation.

Rating NSE PBIAS (%) RSR

Very good 0.75 < NSE ≤ 1.00 PBIAS < ±10.00 0.00 ≤ RSR ≤ 0.50
Good 0.65 < NSE ≤ 0.75 10.00 ≤ PBIAS < ±15.00 0.50 < RSR ≤ 0.60

Satisfactory 0.50 < NSE ≤ 0.65 15.00 ≤ PBIAS < ±25.00 0.60 < RSR ≤ 0.70
Unstatisfactory NSE ≤ 0.50 PBIAS ≥ ±25.00 RSR > 0.70

Figure 4. Comparison of simulation results and observated data at Ta Lai and Ta Pao stations.

Table 4. Model performance for calibration and validation.

Station
Calibration (1980/1987–1994) Validation (1995–2010)

NSE PBIAS RSR NSE PBIAS RSR

Ta Lai 0.88 12.92 0.34 0.85 −7.47 0.38
Ta Pao 0.67 0.35 0.58 0.51 1.20 0.70

137



Water 2022, 14, 854

3. Results

The results of model simulation using land use data 1994 (Landuse 1994) and 2005
(Landuse 2005) of ET, SUR, SW, and GWQ are given in Figure 5. Under the impact of LUCC,
deforestation and expanding coffee plantations increased the SUR drastically by 35% at
both Ta Lai and Ta Pao stations. Accordingly, the streamflow in the rainy season in both Ta
Lai and Ta Pao stations increased by 5% and 81% (6% and 1% of the annual streamflow),
respectively. Contrastingly, the streamflow in the dry season at Ta Pao station reduced 23%
(11.06 m3/s). (Figure 6).

Figure 5. Annual and seasonal changes of hydrological components under LUCC (rainy season: May
to October; dry season: November–April).

Figure 6. Comparison of monthly streamflow (Q–m3/s) between Landuse 1994 and 2005 at Ta Lai
and Ta Pao stations.

In contrast, the ET, SW, and GWQ showed a downward trend. Annually, ET insignifi-
cantly decreased with a reduction of 2%, and SW decreased by 10% at Ta Lai station. These
reductions were greater by 9% of ET and 18% of SW at Ta Pao station. GWQ was reduced
significantly by 11% at Ta Lai and insignificantly by 1% at Ta Pao. ET did not differ between
the dry season and rainy season, whereas SW and GWQ exhibited lower reductions in the
dry season than the rainy season, and SUR in the dry season increased considerably in the
rainy season.
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Total ET in the SWAT model comprises the evaporation from the canopy surface,
transpiration, evaporation from the soil, and groundwater evapotranspiration (Revap) [37].
Revap is the movement of water from the underlying shallow aquifer to the unsaturated
zone in response to water demand for evapotranspiration. Revap can be calculated sep-
arately in regions where the saturated zone is within the root zone [45]. In this study,
ET results did not include revap. Temporarily, ET was mainly controlled by soil water
availability in the hot-dry season (March and April), leaf area index (LAI) in the early
rainy season (May and June), and atmospheric conditions in the mid- to late- rainy season
(July to October) and cool-dry season [46]. However, SWAT simulated ET for two land
use maps (1994 and 2005) with the same climatic condition, soil data, and model param-
eters. Reductions of LAI due to forest conversion to plantations was the main cause of
decreased ET.

There were large discrepancies in the SW, ET, and GWQ comparison results between
the two stations, Ta Lai and Ta Pao. ET and SW were highly affected by seasonal variations
at Ta Lai than Ta Pao station. On the other hand, GWQ remained unaffected in the rainy
season and only decreased by approximately 5% in the dry season. To investigate the effects
of LUCC in Dong Nai river subbasin (DN) (Ta Lai station) and La Nga river subbasin (LN)
(Ta Pao station), we compared a fraction of main land use in 1994 and 2005. Subbasin areas
of DN and LN were 10,639 km2 (72.35% of the study area) and 4067 km2 (27.65% of the
study area), respectively. Figure 7 shows the fraction of land use in DN and LN. Forest
(dense and sparse) and agriculture (orchard and crop) were the dominant land use patterns,
occupying about 78.2% and 17.8%, respectively, of total DN area, and 59.7% and 38.5% of
the total LN area, respectively, in 1994. The ratio of two land use types in 2005 changed in
the range of 38.7–57.6% at DN and 36.0–61.0% at TL. In other words, forest area decreased
by 26.4% and 39.7% from 1994 to 2005. Conversely, agricultural land increased by 117.5%
and 58.3% at DN and LN, respectively. Despite similarities in land use change trends
between the two subbasins, there is a difference in the catchment scale, the proportion
of forest and agricultural land, and ratio of changed areas of each subbasin. The area of
lost forest is less in DN than LN; contrastingly, the area of plantation-replaced-forest is
much larger in DN than LN. This suggests that the amount of decrease in ET and SW is
proportional to the ratio of lost forest area, and as the areas of plantation-replaced-forest
increased, reductions in the infiltration rate lowered. In addition, the conversion from
forest to agriculture in DN mainly occurred in the headwater area in Lam Dong and Dak
Nong provinces. Meanwhile, this conversion also appeared in LN in the headwater area,
Lam Dong province, and was scattered in Binh Thuan and Dong Nai provinces at the
downstream (Figure 2). The spatial distribution of LUCC also affected the hydrology.

Figure 7. Fraction of land uses in Dong Nai and Ta Lai river subbasins in 1994 and 2005 (calculated
from [2]).
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4. Discussions

The results of this study validate the previously reported results, which state that
land use changes involving conversion of forests to agricultural expansions increase the
surface runoff due to reduced evapotranspiration and infiltration. While studying the dam
functions in forests, Kuraji [47] collected data from experimental basins around the world
and reported that forests have a positive effect on flood mitigation and a negative effect
on drought mitigation. Deforestation and conversion to arable land/grassland are usually
accompanied by an increase in surface runoff or total discharge [5,48–50]; particularly,
forest replacement by annual crops in tropical rainforest regions tends to increase annual
streamflow quantities and storm flow events with higher peak discharges [51]. Surface
runoff increases because of reduced evapotranspiration of the replaced vegetation due to
the forest vegetation intercepts, which loses more water than other land use types [52,53].
Additionally, reductions in soil water content and groundwater discharge may be because
the infiltration rate of forest land is higher than other land-use types [6].

Tan et al. [30] concluded that interception and infiltration rates were higher in forests
than other land cover types; hence deforestation caused an increase in surface runoff and
reduced water movement within the soil layers. Additionally, after deforestation or forest
fires, the infiltration rates decreased due to the loss of tree cover. However, in the study area
the lost forest was replaced immediately with crops and vegetation. Moreover, as discussed
in [20], agricultural area with more shade trees were replaced quickly with secondary
forests at any abandoned areas. Trees in these areas have higher transpiration rates outside
the original forest. As a matter of fact, significant numbers of trees on agricultural land
as well as secondary growth invading abandoned plots exist. This suggests that the soil
was not thoroughly destroyed after deforestation and changes in infiltration were marginal.
Infiltration reductions increase the streamflow during the rainy season; however, it is
insufficient to reduce the dry season streamflow at Ta Lai station.

In the study area, irrigation of the coffee plantations directly affected the depletion
of groundwater and fundamentally disrupted the regional hydrological system. Since
coffee smallholders draw groundwater for dry season irrigation, the amount of water
presently used exceeds the crop water requirement, as rightly stated, “smallholders irrigate
more than twice the recommended level, with the belief that yield increases linearly with
irrigation amount” [26,54,55]. As mentioned above, the results show SW and GWQ in the
dry season reduced by 14.89% and 4.96%, respectively, at Ta Pao station (Figure 5) with
the increase in the coffee plantation area. According to the previous studies [26,54–58],
irrigation during the dry season is crucial to achieve high coffee yields as it assists in
breaking flower bud dormancy and inducing fruit setting. Groundwater is the major source
for coffee irrigation in the Central Highlands. The water supply for the coffee tree consists
of a micro-basin irrigation system; every tree stands in a planting hole with dimensions of
2.6 m × 2.6 m × 0.2 m. The water is pumped up to the plantations and watered through
a hose with 100 mm application depth. D’haezea et al. [53] concluded that the present
groundwater abstraction at the Ea Tul watershed in the Dak Lak province is not sustainable
in the dry year as it exceeds the safe aquifer yield. Controlled agricultural (coffee) expansion
is necessary to solve the issue of water depletion and to ensure a sustainable environment.

5. Conclusions

Human activities, such as LUCC, especially conversion of forests to agricultural lands
are the main factors that affect the streamflow regime. Quantifying the contribution of
LUCC to the flow regime is important for water resources planning and management.
In the present study area, forest coverage decreased from 73% in 1994 to 51% in 2005; in
contrast, agricultural land increased from 24% in 1994 to 45% in 2005. The majority of
land use conversions in the study area were due to expansion of coffee plantations. The
impacts of LUCC on streamflow regime by assessing the changes of each hydrological
component, such as actual evapotranspiration (ET), surface runoff (SUR), soil water content
(SW), and ground water discharge (GW) were estimated based on the SWAT model. The
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significant findings from the analysis in this study were: (1) Deforestation and conversion to
agriculture increases SUR drastically due to reductions in ET, (2) in contrast, SW and GWQ
tend to decrease due to reduced infiltration after land cover change, (3) these reductions
eventually increase in proportion; subsequently, decreasing the streamflow in the dry
season when the proportion of agricultural land is higher than forest cover, (4) uncontrolled
expansion of coffee plantations in conjunction with the existing coffee irrigation system
will lead to severe water imbalances in the future.
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Abstract: In tropical Indonesia, rainforests are managed by an intensive forest management system
(IFMS). The IFMS has promoted selective logging for timber harvesting and intensive line planting
to enrich the standing stock. The implementation of the IFMS has reduced the forest canopy cover,
disturbed the surface soil, changed the soil hydraulic properties, and increased direct runoff and soil
erosion. Investigation of the IFMS impact on soil hydraulic properties and the generation of surface
runoff using a saturated hydraulic conductivity model is needed. Soil hydraulic properties were
investigated on 11 plots, including one virgin forest plot and 10 plots at different operational periods
of the IFMS. A two-dimensional saturated soil water flow simulation was applied to generate surface
runoff from different periods of the IFMS. The main parameters of canopy cover, net rainfall, and
saturated hydraulic conductivity were used in the simulations. A simulation scenario of a surface
runoff hydrograph in different forest operations was used to analyze the river buffer effectiveness.
The results showed that fundamental IFMS activities associated with mechanized selective logging
and intensive line planting have reduced the soil hydraulic conductivity within the near-surface
profile. The recovery time for near-surface Ks on non-skidder tracks was between 10 and 15 years,
whereas on the skidder tracks it was more than 20 years. Forest disturbances have altered the typical
surface hydrological pathways, thereby creating the conditions for more surface runoff on disturbed
surfaces than on undisturbed surfaces. Maintaining the buffer area is an effective means to reduce
the peak discharge and surface runoff in the stream channel.

Keywords: tropical forest; river buffer; surface runoff; peak discharge; saturated hydraulic conductivity

1. Introduction

In forested areas, the movement of water between the atmosphere and soil plays an
important role in the storage capacity of the land. Forest canopies serve as a barrier against
precipitation reaching the ground. Global evidence suggests that changes in interception
loss, evapotranspiration, infiltration, and stormflow pathways caused by various degrees
of forest conversion can alter the timing and magnitude of direct runoff and baseflow
for an unpredictable period of time [1–5]. Some studies have investigated changes in
hydrological variables within the soil profile that may have implications for the partitioning
and movement of subsurface stormflow [6–11]. An understanding of the spatial variability
of soil hydraulic properties is important to accurately determine the subsurface flux of
water [12] and its variation following disturbances of surface soil [4,7–9,13–16]. In forested
hillslopes, soil water has been observed to increase rapidly and gently in the region
downslope from tree stems, particularly at points close to the tree stems [17].

Land conversion and timber extraction are likely to alter the biodiversity and hydro-
logic responses of forested areas. In tropical Indonesia, rainforests are managed by an
intensive forest management system (IFMS). The IFMS has promoted selective logging for
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timber harvesting and intensive line planting to enrich the standing stock. Timber extrac-
tion using heavy machines destroys the soil structure, which affects water and nutrient
cycling, and accelerates runoff and soil erosion rates [5,6,18]. Heavy machines in timber
collection areas and on skidder roads can increase soil compaction by up to 40% of natural
conditions [19], and 10–30% of the soil surface may be denuded due to logging roads,
skidder tracks, and log landings [6,20]. The use of heavy equipment tends to compact
the topsoil, setting in motion a negative spiral of reduced infiltrability and an increased
frequency of surface runoff flow and sheet erosion, thereby hindering the establishment of
a new protective layer of vegetation and litter [6].

The implementation of the IFMS has reduced the forest canopy cover, destroyed
the surface soil, changed the hydraulic conductivity, and increased direct runoff and soil
erosion. Soil compaction has been considered the principal form of damage associated with
logging, restricting root growth, and reducing productivity [9]. Timber harvest has been
shown to have a significant impact on the watershed hydrology and serve as sediment
sources and transport pathways on cleared land [4,5,21–29]. Data from rainfall simulation
experiments and saturated soil hydraulic conductivity (Ks) measurements in a disturbed
upland watershed have convincingly shown that the various land cover types within the
fragmented landscape differ in their ability to infiltrate rainwater [13,22,30].

Different forest treatments and disturbances affect soil hydraulic properties in different
ways [4,13,25,28]. When the forest soil is subjected to numerous disturbances due to surface
opening, logging road development, timber cutting, falling tree hits, and heavy machines,
there is an accompanying change in the intrinsic properties of the soil, which alters the soil’s
hydrological balance. The effects of forest regrowth are believed to be able to restore soil
hydraulic properties. We investigated the impact of the IFMS on soil hydraulic conductivity
and the generation of surface runoff in different river buffer scenarios.

2. Materials and Methods

2.1. Study Area

The study site is located in the headwater region of the Katingan watershed, one of
the largest in Central Kalimantan, Indonesia. The site is in the Sari Bumi Kusuma (SBK)
concession area, a private forest company (00◦36′–01◦10′ S, 111◦39′–112◦25′ E) located in
the lowland part of Bukit Baka hills. This location is part of a high-biodiversity area known
as the “Heart of Borneo.”

The mean annual rainfall from 2001 to 2012 was 3631 mm, with the highest average
monthly precipitation (353 mm) occurring in November. The lowest average monthly
precipitation (209 mm) was recorded in August [31]. According to the forest climate
classification system of Schmidt and Ferguson [32], the area is a type A (very wet) tropical
rainforest (monthly average rainfall > 100 mm). Because the location is between 5◦ N
and 5◦ S, the study site is also classified as having an equatorial climate [33], which is
generally characterized by high precipitation and high temperatures throughout the year.
The soil in the region is classified as Ultisol (USDA soil taxonomy classification). This
group of soils was previously called red–yellow podzolic soils. These red–yellow podzols
appear to be more widely distributed in Indonesia and are a major soil in the lowland area
of Kalimantan.

The soil structure is dominated by angular blocky material and the soil texture is
dominated by silty clays, which contain 40% or more clay and 40% or more silt. The soil
bulk density in the virgin forest is 0.636 g cm. Manual land clearing in the line-planted
and cleared areas has increased soil bulk density by 23–32%; this has increased by 11% in
the logged area and by 73% in the skidder tracks of mechanized logging. Ten years after
plantation, the values in the line-planted, cleared, and logged areas recovered to levels
similar to that of virgin forest, but that for skidder-track areas was still 52% higher than
that in virgin forest [34].

The Intensive Forest Management System (IFMS) is a new forest management system
for tropical Indonesian forests. The main activities are timber harvesting using a selective
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logging method and forest rehabilitation with intensive line planting. A stricter cutting
regime coupled with several additional selective logging controls is imposed to minimize
the impact of logging on skid trails. This includes the alignment of skid trails along
the contour, construction of cross-drains at 45–60◦ along the skid trails, and skid trail
deactivation at the end of the skid trail line. Furthermore, no logging is allowed within
a buffer area of at least 20 m on both sides of perennial streams. The IFMS phase after
selective logging is forest rehabilitation with intensive line planting. Intensive line planting
involves line clearing and line rehabilitation. About 15–20% of the forest area is a clear-cut
line to enrich the standing stock using an intensive strip-line planting system.

2.2. Experimental Plots

Field observations of soil hydraulic properties were conducted on 11 plots, including
1 virgin forest plot and 10 plots at different operational blocks of the IFMS, as shown
in Figure 1. Field measurements of infiltration were made using a portable double-ring
infiltrometer. The inner ring was 13 cm in diameter and 24 cm high, and the outer ring
was 30 cm in diameter and 15 cm high. A total of 123 infiltrometer tests were performed
in the 10 plots of forest operation blocks from the first year until 10 years after forest
treatments began, and in the undisturbed forest (virgin forest) plot. In each plot of the
IFMS, the infiltrometer test was performed at four locations with three repetitions based on
differences in topography: a line-planted area, cleared area, logged area, and an area with
skidder tracks, as shown in Figure 2. In the virgin forest plot, the infiltrometer test was
performed at upper, middle, and lower slopes of virgin forest blocks. These test sites were
selected using a random sampling method. The tests were conducted after a minimum of
2 days without rainfall [34].

Figure 1. Location of the experimental plots for soil hydraulic properties.
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Figure 2. Infiltrometer test sites in line-planted, cleared, logged, and skidder-track areas.

Each infiltrometer was driven 10 cm into the ground by hammering a wooden platform
placed on top of the device. Great care was taken to minimize soil disturbance within the
inner ring. Water was added to both rings, but measurements were made only in the inner
ring. The outer ring provided a buffer that reduced boundary effects caused by the cylinder
and by lateral flow at the bottom of the ring. A plastic sheet was placed in the inner ring.
The outer ring was filled with water to 5 cm and the water level was maintained. The inner
ring was filled with water to create a ponding depth of 5 cm for the constant head of water
at the skidder track, and of 10 cm for all other sites. The plastic sheet was removed and
the level of water was recorded continuously each 10 min at the skidder track and each
15 min at all other sites. Cumulative infiltration and elapsed time were recorded over a
3–4 h period to ensure that steady-state infiltrability had been attained. The infiltrability
(IR) was calculated from the cumulative infiltration as a function of time [34].

2.3. Saturated Hydraulic Conductivity

Saturated hydraulic conductivity (Ks) is one of the most important hydraulic properties
affecting water flow in soils. Soil type, spatial, and seasonal variability, in addition to
scale dependency, are key factors that make it more difficult to accurately measure the
saturated hydraulic conductivity [35,36]. Saturated hydraulic conductivity (Ks) is one of
the properties of the flowpaths in almost all modes of streamflow generation [10,37]. This
parameter was estimated from infiltration measurements taken in each plot, using the
falling-head method [38]:

Ks =
L

t1
ln
(

b0 + L

b1 + L

)

(1)

where b0 is ponded water in the soil column at t = 0, b1 is the height of ponded water at t,
and L is the length of the soil column.

An additional 32 undisturbed soil samples were collected from the plots. Sampling
points at the skidder track plots were selected at locations aged 1–12 years after forest
treatments began and eight soil core samples were taken from the virgin forest plot at soil
depths of 0–10, 10–20, 20–30, 30–40, 40–50, 90–100, 120–130, and 150 cm.

In the laboratory, a water retention test using a pressure plate was used to measure the
volumetric water content, θ. Undisturbed soil core samples were placed on an aluminum
tray and slowly saturated by adding water from the bottom over a 24 h period. Soil water
retention curves were measured using the pressure plate method [38] for matric pressure
heads (ψ) of −5, −10, −30, −60, −100, −150, −200, and −500 cm. After measuring the
water content at ψ = −500 cm, the soil samples were resaturated from the bottom over a
24 h period.

Then, the Ks of each sample was measured using the falling head method [39]. The
observed hydraulic data sets were analyzed using physical-based models for soil water
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retention and hydraulic conductivity functions using the lognormal distribution (LN)
model [38]. The LN model is effective for analyzing hydraulic properties and soil water
movements in connection with the soil pore-size distribution [40–43]. Based on this model,
water retention and hydraulic conductivity can be expressed as:

Se =
(θ − θr)

(θs − θr)
= Q

(

ln (ψ / ψm)

σ

)

(2)

where Se is the effective saturation; θs and θr are the saturated water content and residual
water content, respectively; Ks is the saturated hydraulic conductivity; ψm is the matric
potential head at an Se of 0.5, which is related to the median pore radius by the capillary
pressure function; σ (dimensionless) is the standard deviation of the log-transformed
pore radius and represents the width of the pore radius distribution; and Q denotes the
complementary normal distribution function [40].

The relationship between hydraulic conductivity K and ψ [40] was derived by substi-
tuting Equation (2) into the pore structure model proposed by [44]:

K(ψ) = Ks

{

Q

[

ln (ψ / ψm)

σ

]}0.5 {

Q

[

ln (ψ / ψm)

σ
+ σ

]}2

(3)

Equations (2) and (3) produce adequate descriptions of the measured hydraulic prop-
erties of various field soils [41–43,45]. The LN model was used to obtain the best fit to the
observed data sets. The best fit was achieved by minimizing the residual sum of squares
(RSS) between the computed and measured θ and K values. To fit the water retention model
to the observed water retention θ(ψ) curves, ψm and σ of the LN model were optimized by
minimizing the RSS. θs was fixed at a maximum measured θ value for each soil.

2.4. Surface Runoff Generation

A two-dimensional saturated soil water flow simulation using the Fortran program
was applied to generate surface runoff from different periods of the IFMS. We used a
two-dimensional calculation domain divided by the finite element mesh. Figure 3 shows a
side view of the element as the calculated area and the node as the point output of seepage
discharge. Within it, unequal triangular elements were computed using topography and
soil depth field data and the θ and ψ measurements. The surface interface in the region’s
slope was assigned the same gradients as the average values measured in the analysis
region. On the surface, downslope, and bottom boundaries, the seepage face boundary
condition was imposed with different interval depths, following the soil layers.

Based on the soil profile investigation, surface soil disturbance from IFMS operations
was found to have an effect at a soil depth of 0–15 cm. The scenario setting for the two-
dimensional saturated soil water flow simulation model is shown in Figure 3. The soil
layer depths were based on the soil profile investigation. We found no difference in the soil
layers between −60 to −100 cm and −100 to −150 cm, therefore we used the soil layer of
−60 to −100 cm to represent the parent material horizon. The slope gradient was given
the same gradient, of 30◦, as the average measured in the operational blocks. The element
of the calculated area was designed with a maximum length of 20 cm for the detailed
calculation at the point output (node).

Water discharge in a forested catchment includes vertical drainage in surface soil and
downslope drainage in subsurface soil (Figure 4). In vertical drainage, rainfall is supplied
to the soil surface and infiltrates the soil profile unless the rainfall intensity is greater
than the soil permeability. The water moves vertically in surface soil (unsaturated zone)
and discharges at the bottom of the soil profile. Vertical drainage is considered to be an
input into subsurface soil (saturated zone). Runoff generation was created at the edge of
river channel after vertical drainage in surface soil and downslope drainage in surface soil
reached their maxima.
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Figure 3. Scenario setting for two-dimensional saturated soil water flow simulation model.

Figure 4. The process of water discharge in a forested catchment. (P = precipitation; Tf = throughfall;
Sf = stemflow; SRO = surface runoff).

Several parameters were established for different periods of forest operation and
different types of forest treatment. The main parameters of canopy cover, net rainfall, and
Ks were used in the simulations. In the present study, canopy cover density between plots
was measured from a 1 ha permanent sample plot (PSP). PSP is a long-term observation site
of forest growth, for measuring diameter increment, volume increment, and stand structure
dynamics. In the PSP, forest vegetation is measured using a nested cover quadrats method.
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Each type of vegetation was measured at 25 subplots (total in 1 hectare). The subplot was
classified into 20 × 20 m for trees with a diameter >20 cm (at 1.3 m above the land surface).
The tree canopy cover was calculated using a conversion equation from tree diameter to
canopy area for each species. Each forest operational plot and virgin forest was established
with three sets of PSPs located randomly on the upper, middle, and lower slope.

3. Results and Discussion

3.1. Soil Hydraulic Conductivity

Volumetric water content and hydraulic conductivity were analyzed to assess recovery
across different forest management periods. Figure 5 shows water retention θ(ψ) curves for
a skidder track area during 0–12 years following treatment.

Figure 5. Water retention θ(ψ) curves for a skidder track area 0–12 years after IFMS treatment.
(a) Observed θ(ψ). (b) Estimated θ(ψ).

No large differences were found between observed θ(ψ) and estimated θ(ψ). Water
retention curves showed large changes in the range of 0 > ψ > −60 cm. The greatest changes
tended to occur in the 8 year old site, indicating a lower soil moisture content and higher
soil compaction at that site. The different θ values in the skidder track may be associated
with different levels of soil compaction caused by different volumes of tractor traffic.
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Water retention curves in the virgin forest (Figure 6) showed large changes in the range
of 0 > ψ > −30 cm, indicating the existence of soil macropores. The curves for surface soils
(0–50 cm deep) tended to show greater changes than subsurface soils (50–150 cm deep). In
surface soil, there was intensive root growth that increased the number of macropores and
the porosity.

Figure 6. Water retention θ(ψ) curves in the virgin forest at different soil depths. (a) Observed θ(ψ).
(b) Estimated θ(ψ).

The saturated hydraulic conductivity (Ks) at different slope locations tended to increase
according to site age, i.e., from the 1 year old site to the 10 year old site (Figure 7). Values
were higher at upper slopes than in the middle and at lower slopes. Those in skidder tracks
were lower than at other test sites, particularly in 7 to 10 year old sites. The recovery of
Ks tended to take longer in skidder tracks than in other areas. In 6 to 10 year old sites, no
large differences in Ks values were found between test plots. These results indicate that soil
hydraulic conductivity needs at least an estimated 15 years to recover and to reach the Ks

levels of a virgin forest.
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Figure 7. Saturated hydraulic conductivity (Ks) at all 11 plots, calculated from infiltration measurements taken in each area.
(a) Upper slope. (b) Middle Slope. (c) Lower slope.

Figure 8a shows the relationship between observed and estimated θ using the LN
model. There was good correspondence between observed and estimated values (data fall
closely around 1:1 line), indicating that the retention model can adequately express the
observed water retention curves. Figure 8b shows the relationship between Ks measured
from the ring infiltrometer test (Ks-ring) and soil core samples (Ks-core). The data are widely
scattered, which indicates that the results from the infiltrometer tests did not adequately
correspond to the Ks values from soil core samples. This may be due to several factors, such
as the different locations, sample size, time period, and the different number of samples.
Direct measurements of Ks (either in the laboratory using soil core samples previously
taken from the field, or directly in the field without removing a soil sample) are preferred
to indirect methods (derived from soil textural characteristics). Field methods provide data
that better represent the reality of water flow in natural conditions [12,35,36].

3.2. Saturated Hydraulic Conductivity to Generate Surface Runoff

The soil hydraulic properties were used to generate surface runoff (SRO) values.
Measurements of saturated hydraulic conductivity (Ks) following the various surface
disturbances were used to assess the influence of forest fragmentation on the near-surface
hydrologic response. Forest fragmentation results in a mosaic of surfaces with distinct
infiltration characteristics. Table 1 shows all of the observed Ks values at different periods
and test sites of IFMS treatment. The values were lower for all test sites than for the
virgin forest, further confirming that surface soil disturbances reduce the Ks value. The
soil hydraulic properties shown in Table 1 were used to estimate surface runoff flow as
designed in Figure 3.

Different degrees of canopy cover lead to different levels of canopy interception. The
average canopy cover density between plots is shown in Figure 9.
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Figure 8. (a) Relationship between observed (θobs) and estimated (θest) water content. (b) Relationship
between Ks measured using ring infiltrometer tests (Ks-ring) and soil core samples (Ks-core).

Figure 9. Average canopy cover density measured in permanent sample plots at different IFMS sites
and the virgin forest site.
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Table 1. Observed soil hydraulic properties in different periods and test sites under IFMS treatment.

Test Sites Periods Ks Ψm log (–Ψm) θr σ θe

Line Planted

1999 0.0009 −41.0198 1.6130 0.3254 1.8264 0.1743
2000 0.0008 −41.9226 1.6224 0.3275 1.8044 0.1722
2001 0.0007 −43.3268 1.6368 0.3308 1.7711 0.1689
2002 0.0006 −44.0213 1.6437 0.3324 1.7551 0.1673
2003 0.0004 −47.0335 1.6724 0.3389 1.6882 0.1608
2004 0.0003 −51.2237 1.7095 0.3474 1.6020 0.1523
2005 0.0002 −53.5833 1.7290 0.3519 1.5565 0.1479
2006 0.0003 −51.4185 1.7111 0.3478 1.5982 0.1519
2007 0.0002 −53.3802 1.7274 0.3515 1.5603 0.1482
2008 0.0002 −51.7840 1.7142 0.3485 1.5910 0.1512

Cleared Area

1999 0.0007 −42.6708 1.6301 0.3293 1.7865 0.1704
2000 0.0006 −44.0285 1.6437 0.3324 1.7549 0.1673
2001 0.0005 −45.3997 1.6571 0.3354 1.7239 0.1643
2002 0.0004 −47.8510 1.6799 0.3406 1.6708 0.1591
2003 0.0002 −51.9810 1.7158 0.3488 1.5872 0.1509
2004 0.0003 −49.3260 1.6931 0.3437 1.6401 0.1561
2005 0.0004 −47.8510 1.6799 0.3406 1.6708 0.1591
2006 0.0002 −53.5833 1.7290 0.3519 1.5565 0.1479
2007 0.0003 −49.0211 1.6904 0.3430 1.6464 0.1567
2008 0.0004 −48.3744 1.6846 0.3417 1.6598 0.1580

Logged Area

1999 0.0007 −43.4338 1.6378 0.3311 1.7686 0.1687
2000 0.0007 −42.7485 1.6309 0.3295 1.7847 0.1702
2001 0.0005 −45.1193 1.6544 0.3348 1.7302 0.1649
2002 0.0005 −45.9036 1.6618 0.3365 1.7128 0.1632
2003 0.0004 −47.6623 1.6782 0.3403 1.6748 0.1595
2004 0.0003 −50.5322 1.7036 0.3460 1.6157 0.1537
2005 0.0004 −47.0335 1.6724 0.3389 1.6882 0.1608
2006 0.0003 −48.8732 1.6891 0.3427 1.6494 0.1570
2007 0.0003 −49.8810 1.6979 0.3448 1.6288 0.1549
2008 0.0002 −52.6517 1.7214 0.3501 1.5742 0.1496

Skidder
Tracks

1999 0.0008 −41.6762 1.6199 0.3270 1.8104 0.1727
2000 0.0007 −43.3331 1.6368 0.3308 1.7710 0.1689
2001 0.0007 −43.3423 1.6369 0.3308 1.7708 0.1689
2002 0.0003 −51.2491 1.7097 0.3474 1.6015 0.1523
2003 0.0003 −51.2387 1.7096 0.3474 1.6017 0.1523
2004 0.0001 −59.3777 1.7736 0.3620 1.4528 0.1377
2005 0.0003 −51.2387 1.7096 0.3474 1.6017 0.1523
2006 0.0004 −47.0833 1.6729 0.3390 1.6871 0.1607
2007 0.0001 −59.3777 1.7736 0.3620 1.4528 0.1377
2008 0.0001 −56.9932 1.7558 0.3580 1.4942 0.1417

Virgin Forest top soil 0.0012 −39.2047 1.5933 0.3209 1.8721 0.1788
20–30 cm 0.0006 −44.0910 1.6443 0.3325 1.7535 0.1672
30–40 cm 0.0005 −44.9986 1.6532 0.3346 1.7329 0.1652
40–50 cm 0.0006 −44.3201 1.6466 0.3331 1.7482 0.1667
90–100 cm 0.0008 −41.8066 1.6212 0.3273 1.8072 0.1724

Forest operation in the IFMS sites reduced the canopy cover density, which increased
with time. Canopy cover density influences the net rainfall that reaches the forest floor.
To determine the variation in net rainfall between plots under the different treatments
(line-planted, cleared, logged, and skidder-tracked areas), an assumption was developed,
as shown in Figure 10.

Figure 10 was developed based on the PSP measurements and field observations. The
canopy covers for line-planted, cleared, and skidder-tracked areas were assumed to be
similar to those of logged areas in the 8 to 10 year old sites. In the 5 to 7 year old sites, the
canopy cover in cleared areas was assumed to be similar to that of line-planted areas. The
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data on the canopy cover of line-planted areas, when plotted on a graph, followed a curved
line that was assumed to represent a vegetation growth curve. In 1 to 4 year-old sites, there
were different canopy covers between line-planted and cleared areas, with line-planted
areas having more canopy cover than cleared areas that had 1–4 years of succession. No
vegetation was planted on skidder tracks; thus, the canopy cover on skidder tracks was
affected by the surrounding vegetation. Therefore, the canopy cover on skidder tracks in 1
to 10 year old sites was assumed to occur in straight line.

Figure 10. Canopy cover in the plot sites at different forestry treatments.

3.3. Effectiveness of a River Buffer on Surface Runoff Flow

A river buffer is used to reduce the impact of logging on runoff and erosion. This
simulation combined a buffer area with each treatment area, as shown in Figure 11. The
slope gradient was assumed to be 30◦, based on the average slope gradient in the study sites.

Several rainfall events were used to generate the surface runoff hydrograph in the
scenario without a river buffer (left) and with a river buffer (right) shown in Figure 12.

The SRO hydrograph indicates that there was a significant difference between plots
during rainfall events (Figure 12). A dramatic difference was apparent between the virgin
forest (VF) site and 1 year old site. Ten years after logging operations were ceased and
vegetation was allowed to recover, differences were still found in the hydrograph between
the VF site and 10 year old site. This difference indicates that surface disturbances at the 10
year old site continued to affect the hydraulic properties of the forest soil at the time of this
study. Figure 13 shows the relationship between rainfall and total SRO.

Figure 13 show the data on SRO at all sites during different rainfall events. IFMS
treatment changed the vertical drainage in surface soil. This indicates that forest intercep-
tion (include canopy interception and forest floor interception) in the VF site contributed
to reducing the peak discharge (Qp) in Figure 12. In the VF site, the average canopy
interception was 23.8% of rainfall and the average forest interception was 91.7% [46].

Figure 13 shows clear differences in the surface runoff hydrograph between scenarios
without and with the use of a buffer. The difference between the VF site and the 10 year old
site were slightly smaller than that in the scenario without a buffer area. This indicates that
the buffer area has significant influence in reducing the SRO hydrograph in the disturbed
sites. To clarify the differences between the scenario with and without a buffer area, the
coefficients of Qp and SRO are shown in Figure 14.

Soil hydrologic properties at the disturbed sites were changed and produced higher
Qp and SRO coefficients, compared to the VF site (Figure 14). However, the Qp and SRO
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coefficients declined at disturbed sites over time, indicating that soil hydraulic properties
slowly recovered. A smaller Qp coefficient indicates a greater potential for a forested
catchment to reduce Qp (Figure 14a). In the early years after IFMS treatment, large gaps
in Qp and SRO were found between the scenarios with and without buffer areas. The
buffer area can effectively reduce the Qp and SRO coefficients, which declined at each site
over time. The buffer area canopy serves as a barrier against precipitation reaching the
ground. The high canopy cover density in the buffer area controlled the net precipitation
via canopy interception. The treated area had less canopy cover, compacted soils, and
low infiltration capacities. Consequently, these conditions reduced the forest interception,
evapotranspiration, and infiltration volumes, creating a quick surface runoff response
and increasing the percentage of rainfall to surface runoff in the model. Undisturbed soil
hydraulic properties played a major role in the high infiltration capacity. The combination
between high canopy interception and high infiltration capacity in the buffer area had a
significant role in the SRO reduction that occurred in the early period following treatment
(Figure 14b). Ten years following the initiation of the IFMS, the SRO coefficient of the
disturbed sites was reduced and was similar to that of the VF site. These results suggest
that the disturbed sites need at least 15 years to recover their soil hydraulic properties to
levels similar to those at the VF site.

Figure 11. Simulation scenario of a surface runoff hydrograph in different forest operations: (a) without river buffer; (b) with
river buffer.
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Figure 12. Cont.

158



Water 2021, 13, 2383

Figure 12. Surface runoff hydrograph generated from rainfall events of: (a) 17.8 mm, (b) 21.2 mm, (c) 27.2 mm, (d) 29.2 mm,
(e) 37.6 mm, (f) 41.4 mm, (g) 53.4, and (h) 66.6 mm.
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(a) Surface runoff without river buffer (b) Surface runoff with river buffer 
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Figure 13. Relationship between rainfall and surface runoff in the different scenarios.

Figure 14. (a) Coefficient of Qp to peak rainfall intensity. (b) Coefficient of total SRO to the amount of rainfall.

4. Conclusions

Forest disturbance affects soil hydraulic properties, and therefore results in differences
in the propensity to generate surface runoff flow in different types of forested sites. The
current study showed that soil compaction changed the soil pore distribution and affected
soil moisture characteristics. In natural conditions, water retention curves for surface soils
(0–50 cm deep) tended to display greater changes in θ than subsurface soils (50–150 cm
deep). Intensive root growth at depths of 0–50 cm was effective for increasing the number
of macro-pores and the porosity. Low surface Ks values were found on skidder tracks
compared to other surface disturbance types. Consolidated surfaces, such as skidder
tracks, line-planted areas, cleared areas, and logged areas, contribute disproportionately
to the stormflow response because low Ks values (compared to natural conditions) lead
to surface runoff for low rainfall intensities. Forest disturbances have altered the typical
surface hydrological pathways, thereby creating the conditions for more surface runoff on
disturbed surfaces than on undisturbed surfaces. The recovery time for near-surface Ks on
non-skidder tracks was estimated to be between 10 and 15 years, whereas in the skidder
tracks it was estimated to be more than 20 years. Maintaining the buffer area can effectively
reduce the Qp and SRO values in the stream channel.
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Abstract: Flood protection is considered one of the crucial regulating ecosystem services due to
climate change and extreme weather events. As an ecosystem service, it combines the results
of hydrological and ecosystem research and their implementation into land management and/or
planning processes including several formally separated economic sectors. As managerial and
economic interests often diverge, successful decision-making requires a common denominator in
form of monetary valuation of competing trade-offs. In this paper, a methodical approach based
on the monetary value of the ecosystem service provided by the ecosystem corresponding to its
actual share in flood regulating processes and the value of the property protected by this service
was developed and demonstrated based on an example of a medium size mountain basin (290 ha).
Hydrological modelling methods (SWAT, HEC-RAS) were applied for assessing the extent of floods
with different rainfalls and land uses. The rainfall threshold value that would cause flooding with
the current land use but that would be safely drained if the basin was covered completely by forest
was estimated. The cost of the flood protection ecosystem service was assessed by the method of
non-market monetary value for estimating avoided damage costs of endangered infrastructure and
calculated both for the current and hypothetical land use. The results identify areas that are crucial
for water retention and that deserve greater attention in management. In addition, the monetary
valuation of flood protection provided by the current but also by hypothetical land uses enables
competent and well-formulated decision-making processes.

Keywords: flood protection; river basin management; ecosystem service; hydrological modelling;
monetary valuation; land use change

1. Introduction

Ecosystem services (ES), as the benefits people obtain from ecosystems [1], are out-
comes of ecosystem properties—biophysical conditions, structures, and processes [2],
which constitute ecosystem functions [3,4]. In addition, ecosystem services feature highly
distinctive spatial and temporal patterns of distribution, quantity, and flows [5]. The
importance of spatial relations between the ecosystems providing the services and the
areas where those services are utilized is stressed by many authors [6–8]. Ecosystems do
not exist in isolation but they compose whole complexes of ecosystems interacting with
each other in the landscape [9]. Ecosystem services are usually provided within units that
define processes such as watersheds, specific habitats, or other natural units [7,10]. Spatial
relations are for certain ES so significant that several authors [11,12] call them landscape
services. Spatial relations and the location of the ecosystem are important also for a mon-
etary valuation of the ecosystem service [13–15]. In theory, two “identical” ecosystems
protecting the nearby area from natural hazards such as landslides, erosion, or floods
provide an identical supply of ecosystem service, but the value of each ES reflects the
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actual value of the respective protected infrastructure (human lives, property, city size etc.).
Flood protection (regulation or mitigation) belongs among those ecosystem services, for
which the spatial accent is of crucial importance. Flood protection ES supply addresses
the ecosystem’s capacity to lower flood hazards caused by heavy precipitation events
by reducing the runoff fraction [5]. This reduction corresponds to the damage-limiting
efficiency of recent ecosystems compared to the maximum possible runoff.

The service capacity is an ecosystem’s potential to deliver services based on biophysi-
cal properties, social conditions, and ecological functions. Capacity responds to natural
or anthropogenic changes over time and space [2,8,16,17]. River floods are the costliest
and most frequent natural hazards both in Europe [18,19] and in the world [20–22]. Direct
and indirect economic losses and threat to human lives are continuously growing due to
increasing population density, the growth of infrastructure and the increasing frequency of
heavy precipitation events due to climate change [23–25]. According to [26], flood protec-
tion ES consists of: supply—flood volume regulated by vegetation and soils; service—area
of avoided flood damage due to regulation by vegetation or soil; and benefit—avoided
costs due to loss of property or infrastructure.

The value of ecosystems and their services can be expressed in different ways as it
has complex meaning with several dimensions [11,27,28]. There are three value domains:
ecological (biophysical), socio-cultural and economic [1,29,30]. The assessment of an ecosys-
tem’s capacity to provide flood protection ecosystem services is often based on biophysical
methods [31,32], i.e., by employing hydrological models based on water retention functions
of the vegetation and soil cover [15] or assessing storage capacity of floodplains [33]. There
are several methods for the monetary valuation of ecosystem services [34–37]. Most meth-
ods for the monetary valuation of regulating services apply calculations of replacement
costs and avoided damage costs [38,39]. Other methods valuate the benefits (in terms of
increased economic welfare) resulting from reduced flooding as a consequence of reduced
deforestation [40] or an economic valuation of the storage capacity of natural floodplain
wetlands, as well as riparian forest, protecting nearby areas [41,42]. Similarly, a valuation
of avoided flood damages for a floodplain’s conservation in comparison to a scenario of
residential construction is presented by [22]. The expressed willingness to pay method
was applied by [43,44] to demonstrate how much people were willing to pay for flood risk
reduction.

Flood hazard is defined as the probability that a critical peak discharge is exceeded and
which in a combination with the consequent economic damage generates flood risk [45].
As noted by [30], it is useful to apply risk assessment methods in the assessment of flood
protection ES. Risk is a combination of hazard (potential source of harm) and vulnerability
(magnitude of damage or danger to life) [46,47]. To estimate hazards, it is necessary to
know: (a) what is the probability and frequency of the occurrence of each hazardous
phenomenon at a given place; (b) the intensity required for them to happen; (c) to what
extent their total effect would influence the landscape and/or vulnerability of the social-
economic system. Disasters are better viewed as a result of the complex interaction between
a potentially damaging physical event (i.e., floods, droughts, fire, earthquakes and storms)
and the vulnerability of a society, its infrastructure, economy and environment, which are
determined by human behavior [48,49]. Modelling software and geographical information
systems (GIS) are highly recommended for assessing risk assessment, natural hazards,
and ecosystem services [14,50]. The use of catchment-based hydrologic models provides
the basis to reveal the varying importance of factors and processes responsible for the
formation of river swellings as well as the capability of different land use types to retain
part of the incoming water, which reveals their regulation capacity [31,51–53].

The aim of this article is to develop a method for the monetary valuation of flood
protection ecosystem services. The approach is based on a hypothesis that a monetary
value of the ecosystem service provided by the ecosystem corresponds to its actual share
in flood regulating processes and the value of the property protected by this service. The
value of the ES corresponds to the size of the benefit to the society, and it is expressed in the
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value of property (infrastructure) that is protected by an ecosystem. Since all ecosystems in
the river basin (above the protected infrastructure) contribute to the protection of property,
the contribution of each ecosystem to this protection was assessed and valuated according
to the share of each ecosystem in reducing the total runoff.

2. Materials and Methods

The methodical approach adopted is based on a combination of different bio-geophysical
GIS data with terrain mapping and the results of hydrological modelling. The extent of the
flooded area (flood hazard) was modelled according to different precipitation volumes and
different land uses. The economic valuation of the flood protection ecosystem service was
based on the estimated value of the endangered residential infrastructure.

Clarification note: the term “land use” applied in the hydrological analyses is consid-
ered, in a broad sense, equal to “ecosystem” in the parts dealing with ecosystem services
assessment. The authors are fully aware of terminological difference but for the sake of
simplification, these terms were used as synonyms.

2.1. Study Area

Flood regulation ecosystem service was estimated for the Čierny Hron River basin
situated in central Slovakia in a mountainous region (Figure 1). This basin is rather specific,
as in the years 1960–2017, 13 floods occurred in various locations within the study area [54].
Six of them were flash floods from intense summer precipitations. The total area of the
basin is 291.7 ha, the minimum elevation of the basin is 461 m a.s.l., the maximum elevation
is 1338 m a.s.l., and the mean elevation is 785 m a.s.l. The mean annual precipitation
increases approximately from 780 to 1150 mm as the elevation increases [55]. The mean
year one-day maximum precipitation is around 45 mm/day, but the absolute maximum
recorded in the period 1981–2010 reached 70–80 mm/day. The mean temperature varies
from −3.5 to −5.0 ◦C in the winter season and from 12 to 16 ◦C in summer. The dominant
soils are loam and sandy loam Cambisols on Paleozoic granitic and metamorphic rocks
from highlands to mountainous landscape. Regarding land use, 79% of the basin area is
covered by forest, 9% by logging and regeneration logging area, 7% by grasslands, 3%
by agricultural land and 2% by rural settlements. Most of the forests are mixed forests.
Coniferous forests occupy the highest parts of the area and deciduous forests cover only
the lowest part of the basin.

2.2. Modelling Surface Water Runoff

The volume of runoff water was modelled applying the SWAT model [56]. This
model requires input parameters to describe soil properties, topography, land use, land
management, and climate. It simulates watershed processes by first dividing the basin
into sub-watersheds, and then further dividing the sub-watersheds into unique land use,
soil, and slope combinations called hydrologic response units (HRUs). Modelled runoff
(result of SWAT) served as an input into the HEC-RAS model [57] that showed whether
the river channel safely discharges the modelled flow or if it is spilled from the banks. In
the HEC-RAS modelling, steady flow analysis with mixed flow regime and critical deep
boundary condition was applied. Subsequently, the extent of the flood was modelled using
the HEC-GeoRAS extension of the ArcGIS software. The necessary inputs for modelling
water runoff in the river channel and the subsequent extent of floods were (in addition
to the above-mentioned): shape (channel geometry), capacity of the river channel (cross-
sectional cut lines), and Manning’s roughness coefficients of surface for the channel and for
the land use. A database and polygon layer were created in ArcGIS 10.3 software. Relief
inputs into the applied models were derived from 10 m digital elevation mode (DEM 3.5)
provided by the Geodesy, Cartography and Cadastre Authority of the Slovak Republic [58],
and all analyses used 10 m resolution. Soil characteristics were derived from the soil
databases provided by the National Forest Centre [59] for forest soil and the Soil Science
and Conservation Research Institute [60] for agricultural soil. National soil databases were
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transformed accordingly to the FAO classes required by the SWAT model [61]. Climate
data input into the SWAT model came from the SWAT Weather Database [62] and from
the Slovak Hydrometeorological Institute [63]. River channel transverse profiles were
derived from DEM and verified and refined by field measurements. Land use was derived
from actual (2018) high-resolution (25 cm/px) orthophoto maps [58] and refined by field
mapping. Spatial information about the location, size, and type of buildings and other
infrastructure in the area was derived from several sources: Geodesy, Cartography and
Cadastre Authority of the Slovak Republic [58], Slovak Road Administration [64], Slovak
Environment Agency [65], and OpenStreetMap [66]. Precipitation and river discharge data
were provided by the Slovak Hydrometeorological Institute [63] and the Slovak Water
Management Enterprise [67].
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Figure 1. Study area.

2.3. Determination of the Precipitation Amount Causing Floods with Different Land Uses

Since flood protection ES is a service protecting against natural hazards, it was nec-
essary to determine the size of the threat—the extent of the endangered and potentially
flooded area and the probability of the precipitation capable of causing floods. Based on
the available climate data [55,63,68], it was deduced that for the study area, it is possible
to count on the maximum daily amount of precipitation with a recurrence interval of
100 years with a value of 75–80 mm (for the whole river basin). Using the SWAT model,
the SCS Curve Number Method [69,70] was applied to model runoff volume in the area
and flows in the river channels for four levels of potential daily precipitation, which would
evenly affect the entire basin, namely 60, 80, 100, and 120 mm with the current land use.
For the same precipitation levels, runoff volume and flows were modelled also for the
hypothetical land uses—when the whole river basin (except for existing built-up areas) was
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used in one way. Five different hypothetical land uses were modelled: forest, permanent
grassland, arable land (“row crops/straight row good” in the SCS method), orchard, and
built-up area (in the sense of discontinuous urban fabric consisting both of impervious
surfaces and pervious green areas such as lawns or gardens). These considered land use
types either already exist in the area or are feasible to plan for (i.e., fruit orchards) due to
the local natural and socioeconomic conditions. Subsequently, the land use and the amount
of precipitation at which the capacity of the river channel is exceeded were modelled in the
HEC-RAS program. The corresponding extent of flooding was modelled using HEC-RAS
(Figure 2).
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2.4. Monetary Valuation of Flood Protection Ecosystem Service

Considering forest as the ecosystem that provides the best flood protection service, it
was assumed that the value of its protection is equal to the value of the infrastructure that
would be flooded after the precipitation which is already causing a flood (with the current
land use). On the other hand, hypothetically, if the whole area was covered by forest (except
for existing settlements), this precipitation (runoff) would be safely drained by a river
channel and would not cause floods. The cost of damage to the endangered infrastructure
(residential buildings, farm and industrial buildings, road and railway network) was
calculated according to the methodology for estimating the cost of flood damage caused
by floods by the Water Research Institute of Slovakia [71]. This cost was considered as
the total cost of the forest ecosystem service in the whole river basin (except for already
built-up areas).
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However, individual areas in the basin contribute to the total runoff in different propor-
tions depending on the location, soil conditions and slope. Therefore, for each individual
area (hydrology response unit—HRU), its share of the total runoff was determined. This
also determined its share of the infrastructure protection, which represented the value of
the forest ecosystem service in the area of the unit concerned (share of the total ES value of
the forest in the whole river basin). Subsequently, the value of the ecosystem service was
re-calculated to the cost per ha.

The cost of ecosystem services of other ecosystem types (in the sense of land use
types) is lower than that of forest since their retention capacity is lower. The results of
runoff modelling for different potential land uses of the whole area (grassland, arable
land, orchard, built-up area) show how much higher the water runoff from each HRU was
compared to if the HRU was covered by forest. In other words, how much less water the
other ecosystem type retains compared to the forest. The cost of the ecosystem service
of the given ecosystem is then lowered by the given ratio compared to the cost of the ES
provided forest in the given area (Figure 3). The cost of the ecosystem service for each area
in the territory of other ecosystems was calculated on the basis of the formula:

Cost ESOE = Cost ESF × ((Rmax − ROE)/(Rmax − RF)) (1)
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Cost ESOE—cost of other ecosystem types
Cost ESF—cost of forest ecosystem service
Rmax—maximum runoff from impervious surface
ROE—runoff from other ecosystem types (different to forest)
RF—runoff from forest
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3. Results

Modelling of runoff volume with different precipitation amounts and the current land
use in the area and the subsequent modelling of flood threat in the basin (the capacity of
the river channel to drain runoff safely) show that 60 mm precipitation per day (without
cumulation with precipitation from previous days—antecedent moisture condition (AMC
II)), would not cause flooding and the study area is able to deal with it. However, a higher
rainfall would already cause a flood. The modelling results also show that if the whole
area (except for existing built-up areas) was covered with forest, the flood would not occur,
even at 80 mm precipitation. Nevertheless, floods would occur with higher precipitations
(100 and 120 mm per day). For this reason, the value of 80 mm precipitation per day
became the basis for determining the flood protection ecosystem service. Precipitation of
this magnitude occurs in the study area with a probability of approximately once every
100 years [63,68]. Figure 4 shows the ratio of runoff reduction from a rainfall of 80 mm
per day for the five considered land use types (types of ecosystems), if they covered the
whole territory (except for existing settlements), compared to the maximum runoff (as
from completely impervious surface). Based on the modelling results, forest in most of
the evaluated area, depending on other natural conditions, retains from 60 to 90% of the
theoretical maximum runoff. Orchards are capable of retaining approximately 40–70% on
the runoff, and grasslands retain slightly less. They retain about 40–70% in the upper half
of the territory, but only between 30 and 40% in the lower half of the territory. Arable land
is capable of retaining only up to 20–40% of the maximum runoff, while built-up areas
reduce runoff by only 2–5% compared to the completely impervious surface.

Modelling the extent of the flood (Figure 2), with the current land use and precipitation
of 80 mm per day, identified the endangered infrastructure (buildings, roads, railways, etc.).
The monetary value of the infrastructure was calculated as 20,365,400 euros. This value is
the cost of the flood protection service of the forest in the whole territory, if it covers the
entire area of the river basin (except for already existing settlements). The cost of a specific
area of the forest ecosystem reflects its ability to retain water and it was determined as a
share of the whole cost. This share represents a contribution of each HRU (Figure 5) to the
total runoff (contribution to the protection of the area), which depends on HRU’s location,
soil conditions, and slope.

As Figure 6 shows, the cost of this service per ha of the forest is in the range of
1626–1710 euros. Other types of ecosystems are able to retain less runoff water (Figure 4),
therefore the cost of their flood protection service reflects this reduced capacity. When
comparing water retention in the area for different types of ecosystems compared to the
forest retention (Figure 7), orchards retain 72–82% of the amount of water retained by
the forest. Grassland retains slightly less, 65–76%, and arable land between 42 and 56%.
Built-up areas retain only 5–7% of the amount retained by the forest. These ratios express
the share of other ecosystem types in flood protection in a specific place compared to the
forest. As this value is lower, they do not fully protect the endangered infrastructure at a
precipitation of 80 mm/day as the forests do, therefore the cost for this service is lowered
according to this ratio. The resulting costs, calculated per ha of the basin area for each
considered ecosystem (land use), are shown in Figure 6.
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In the case of orchards, the cost per ha ranges from 1192 to 1378 euros depending
on the conditions (location, natural conditions). Grasslands retain a little less rainwater
compared to orchards, so the cost for flood protection ES is slightly lower and ranges
from 1072 to 1280 euros. The magnitude of flood control on arable land depends on
the crop grown and the management performed. Here, for the sake of simplicity, “row
crops/straight row good” management (the SCS method) was considered. The calculated
cost per ha is in the range of 700–950 euro. Compared to the previous land use types, the
ability of residential areas to retain water is considerably reduced, as a large part is built-up
and therefore impermeable. All existing settlements within the study area are characterized
as discontinuous urban fabric, and the cost of their capability to reduce runoff ranges
from 80 to 112 euro per ha. The costs for the flood protection ecosystem service shown in
Figure 6 are hypothetical, valid for a specific area in the case of the existence of a given
type of ecosystem in a given area. These values can also be used to compare the current
situation and possible change to another type of use.

Figure 8 shows the costs of the flood protection ES with the current land use. Despite
the fact that almost 80% of the area is covered by forest, and thus most of the area retains
60–90% of the maximum runoff, according to the modelling results, floods would still occur
with a precipitation of 80 mm per day, even if there was good forest management. On the
other hand, in the case of intense management (clear-cutting, dense road network), floods
would occur even with lower precipitation. The cost of the flood protection ES of current
ecosystems ranges from 300 euros for arable lands to 1710 euros for forest ecosystems.Water 2021, 13, x FOR PEER REVIEW 12 of 20 
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Figure 9 presents the cost of the flood protection ES, which society would either gain
or lose if the current ecosystem were changed into an alternative one. This comparison
makes it possible to identify specific spots in the river basin that are most sensitive to
change. In other words, areas where the change in the current land use to one of the five
evaluated types would lead to the largest reduction in the performance of the ecosystem
service, and to the largest increase in performance. Similarly, it is possible to identify
areas whose change to another land use will cause the least loss of performance of the
flood protection ES. If the current land use is changed to a forest ecosystem, the cost of
ecosystems would remain the same in most areas, as 80% of the area is already covered by
forest. Nevertheless, the ES value would increase from 200 to 1010 euros for the remaining
20%. On the other hand, changing to other land uses (besides forest) would reduce the size
of the flood protection service in most areas.Water 2021, 13, x FOR PEER REVIEW 13 of 20 
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Changing to an orchard in the areas that are currently covered by forest would reduce
the value of the flood protection ES service by 200 to 600 euros per ha, depending on the
location and abiotic characteristics of the area. On the other hand, changing to areas that
are currently more intensively used to an orchard, especially in the immediate vicinity
of settlements, would increase the value of the ecosystem service by up to 600 euros per
ha. Deforestation and the consequent change into grasslands decrease the value of the
ecosystem service by 200 to 600 euros per ha. However, changing current arable land
into grasslands would increase the service value by up to 600 euros per ha. Changing the
current land use into arable land would reduce the size of the service in 95% of the territory,
and in monetary terms it would mean a reduction of 200 to 1000 euros per ha. Expansion
of settlements would reduce the value of the ecosystem service throughout the territory,
depending on the location and natural conditions, by 620 to 1630 euros per ha.

4. Discussion

Land use and land management influence the land system’s properties, processes and
components, which are the basis of service provision. A change in land use management
will therefore cause a change in service supply, not only for specific services but for
the complete bundle of services provided by that ecosystem [11]. Our spatial approach
followed this principle and it presented a way to quantify these potential changes in use
and their impact of the flood protection ES provisioning. However, [72] called for caution
in evaluating the results of modelling hydrological processes in relation to land use change,
especially the sensitivity of the relationship between land use change and flood conditions
with increasing return period of the simulated peak flow. In addition, [73] noted that the
influence of land use conditions on storm runoff generation is only relevant for convective
storms with high precipitation intensities, in contrast with long-lasting advective storms
with low rain intensities.

According to [31], ecosystems affect water balance mainly through two processes:
interception and infiltration. Interception depends on the structure of the ecosystem above
ground (land cover), while infiltration is strongly determined by the soil properties. Surface
runoff, which is the main factor for flood formation, also depends on abiotic factors such as
bedrocks and topography. Ecosystems (i.e., forests) redirect or absorb parts of the incoming
water (from rainfall), reducing the surface runoff and consequently the amount of river
discharge. This ecosystem service plays its role before flood occurrence, and in some
cases, it can even prevent it. Hence, flood protection ecosystem service assessments should
conform to the biophysical characteristics and the likelihood of a flood in a particular
area. [31,48] assessed the capacities of different ecosystems to regulate floods through
investigations of water retention functions of the vegetation and soil cover. They applied
the catchment-based hydrologic GIS model AGWA (and its constituent models KINEROS
and SWAT) to express the capacity of the flood protection ES of individual types of land
cover using biophysical methods (taking into account infiltration, surface runoff and peak
flow). This biophysical assessment was then complemented with a comparison of regional
supply–demand balances, with demand expressing the degree of vulnerability defined
as “the characteristics and circumstances of a community, system or asset that make it
susceptible to the damaging effects of a hazard”.

In the presented approach, the extent of the area and the amount of precipitation at
which forest would be able to completely protect the area was determined. These results
were applied in the estimation of the cost of the ecosystem service. For the practical
use of the ES concept, it is necessary to express the value of the ecosystem service in a
specific area (i.e., at the habitat level or topical dimension) with its specific properties with
respect to the effect of surrounding ecosystems (choral dimension or landscape patterns
and spatial relationships of ecosystems) and how this value changes when changing the use
of area and/or changing any of the surrounding ecosystems [74,75]. The applied approach
follows the SCS curve number method [61,70], which is based on the assumption that the
forest performs flood protection (retention) best. As noted by [76,77], the impact of forest
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and increasing afforestation on hydrological regulations may not be clear, especially in
areas with a lack of precipitation and in river basins above 1000 km2, where there is a
great variability of factors (climatic conditions, urbanization, dam construction). However,
this is not the case in the study area. In the Carpathian Mountains, many authors have
confirmed that forests perform this service best and they are capable of retaining rainfall
up to 50 mm [78–80]. This indicates that higher rainfalls will not be fully infiltrated and
cause runoff. However, as shown by the modelled results, precipitations up to 80 mm
will be drained safely by the existing river channels in the study area. On the other
hand, the capacity of forests to provide ecosystem services strongly depends on the actual
forest management [16], especially the size of the clearing area and the density of forest
roads that could accelerate surface runoff. Nevertheless, none of the possible natural
threats or anthropogenic pressures, i.e., negative impact of the intensive forest use, were
included in the presented assessment. This might be the reason that, despite the high
forest coverage, the study area has experienced numerous floods, resulting either from
long-term precipitation or melting of snow, and flash floods triggered by intense summer
precipitation in the past [54].

However, the impact of vegetation on water flow is very complex. For example, [81]
presented a new procedure to assess drag forces and plant hydrodynamic bending as a
function of the stem basal diameter and modulus of elasticity. They also presented other
possibilities of calculating the surface roughness of the river channel (vegetation friction
forces) for water flow depending on vegetation type (woody plants), its density (frontal
projected area) or their elasticity. Other authors [82,83] used more detailed calculation
models based on field measurements of flow velocity and morphological vegetation param-
eters (main morphometrical vegetation features) to determine global water flow resistance
(i.e., stem diameters and heights, and bed surface density). [84] proposed an experimental
methodology and their results demonstrate the reliability of the Keulegan equation in
predicting the flow resistance. Based on the obtained results, a model to evaluate the
Nikuradse equivalent of sand-grain roughness starting from the vegetation height and
density was proposed and tested. Although these methods are more accurate, a simpler
expression using Manning’s coefficient was applied in our approach, as it is required as an
input by HEC-RAS. More precise methods may be used in the future to refine the modelling
of the water flow in the river channel and the possible over bank spills. However, our
approach does not aim to refine water flow models, but it focuses on using existing models
to determine the value of flood protection ES. Obtaining more precise results on flood
risks by using alternative modelling is welcomed but it would not change the proposed
methodic steps for determining the ES.

Since regulation services produce or maintain desirable environmental conditions,
societal demand should be expressed as the amount of regulation needed to meet a desired
end condition [16]. In evaluating disasters and natural hazards, many authors emphasize
the need to focus not only on determining the location (spatial distribution), intensity
or period of recurrence of natural hazards, but also on determining vulnerability, which
depends on the number of people, infrastructure, or ability to deal with the event psy-
chologically or economically, etc. An excellent example of economic risk evaluation in
relation to flood hazards was presented by [85,86]. Their basic concept is similar to our case
study—to determine the extent of the threat of economic damage in floods with different
return periods using hydrological modeling. Their determination of the extent applies
probability methods using intensity–duration–frequency (IDF) curves of rainfall height
for a return period (derived for the Apulia Region in Southern Italy), by expressing the
probability of flood hazard occurrence as also applied by [87], using market costs (unit
market values) in determining the economic value and other methods of quantitative risk
assessment in terms of monetary values. Our approach focuses more on deriving the
value of the ecosystem service for a specific ecosystem. In many ways, our methodic steps
are simplified compared to these cited articles and our approach undoubtedly has some
constraints related to many drivers, i.e., there are also newer methods in hydrological
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modelling [88,89]. Despite these limitations, our method makes it possible to express the
value of the flood protection ES, and these more precise procedures will serve as inspiration
for the further improvement of our approach.

In order to analyse trade-offs between competing ecosystem services, [90] compared
the benefits of anti-erosion regulation service regulation water erosion of individual ecosys-
tems versus benefits from crop production of these ecosystems. They evaluated the change
in the resulting benefits for the whole area after proposing decreasing intensity of land
use (on steep slopes, marginal sites, or habitat connectivity support) to 7% of the territory.
It is a very beneficial concept that can be used in argumentation with stakeholders when
discussing environmental management of the landscape [91,92]. Even more so, when
managerial decisions regarding competing trade-off are based on a comparison of financial
benefits or losses.

5. Conclusions

Despite flood protection being considered one of the crucial ecosystem services that
builds on an extensive and robust hydrological research, there are still aspects that need
further development. These aspects reflect the complex character of hydrological processes
both affecting and affected by several economic sectors and a need for the implementa-
tion of flood assessment results to land management and planning. This is even more
important in land management systems that deal with several formally separated sectoral
management policies (spatial planning, agriculture, forestry, water management, and the
environment). These sectors have a legal competency over the same territory; however,
their managerial and economic interests often diverge, thus successful decision making
processes require a common denominator in the form of a monetary valuation of competing
trade-off.

In this paper, this challenge was addressed by combining hydrological modelling
methods, the method of non-market monetary value for estimating avoided damage
costs, and flood risk assessment methods into a rather simple, yet methodically robust,
approach. The innovation of the method lies in the fact that on the basis of existing
available hydrological models (for which relatively easily accessible data such as DEM, soil
map, climatic data, or river channel profiles are required as inputs), it enables repeated
operational determination of the extent of endangered property with the current land use,
and when changing land use. The available hydrological models can be replaced by newer
and more accurate models, depending on more detailed and accurate data being made
available (i.e., LIDAR). At the same time, this method also makes it possible to determine
the highest level of protection by natural ecosystems (i.e., forests in Slovakia) and, on the
basis of this, comparison to determine the monetary value of the ecosystem service (and
not just express it in biophysical units) can be performed.

The approach consists of independent and open modules enabling further fine-tuning
in order to fit any local natural conditions or available underpinning data. A further
development of the method could be the inclusion of forest management intensity or
forest road networks as surface runoff accelerators. Although these phenomena were not
addressed in the current state of our research presented in this article, the impact of forest
management can be applied as a water retention parameter in the follow-up research.
Monetary valuation based on damage avoided costs is only one of several feasible methods
of estimating flood protection cost. This method was applied as it is an officially recognized
method by the national authority. However, flood-related costs also cover prevention
costs (construction or maintenance of water channel) and emergency costs or other site- or
society-specific costs that could be applied in the assessment in future.

Climate change is leading to an increase in the frequency of extreme (very intense
rainfall) storms, which alternate with ever-increasing periods of drought. Therefore, it
is important to determine the capacity of ecosystems to retain water, both as protection
against floods and, on the other hand, for mitigating drought in the periods between
precipitation events. If this existing capacity is not enough in light of the forthcoming
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changes, it will then be necessary to propose changes in land use and various possible
biotechnical measures to ensure sufficient capacity.

Land use management can significantly reduce flood flows in catchments, particularly
within the localities where most of the runoff is generated. River and water resource
managers or decision-makers should concentrate on enhancing the ability of ecosystems to
infiltrate and retain precipitation. The optimal landscape structure, suitable management
of natural resources, rational management of current and planned human activities, revi-
talization and re-naturalization of the landscape and river channels should be of interest
for decision-making authorities. The proposed method allows the identification of areas
(HRUs) that are more important regarding water retention due to their site conditions, thus
deserving higher attention. This is particularly important in land management since it
stresses the spatial relations of natural processes in landscape, which are often neglected
in other sectoral policies. In addition, it has a strong potential also for building and/or
maintaining green and blue infrastructure in the landscape. Information on the monetary
values of flood protection provided by the existing and by the planned land uses allows
competent and well-based decision-making processes (i.e., suitable forest management vs.
reconstruction of channels).
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41. Grygoruk, M.; Mirosław-Świątek, D.; Chrzanowska, W.; Ignar, S. How much for water? Economic assessment and mapping of
floodplain water storage as a catchment-scale ecosystem service of Wetlands. Water 2013, 5, 1760–1779. [CrossRef]

42. Barth, N.-C.; Döll, P. Assessing the ecosystem service flood protection of a riparian forest by applying a cascade approach. Ecosyst.

Serv. 2016, 21, 39–52.
43. Zhai, G.; Sato, T.; Fukuzono, T.; Ikeda, S.; Yoshida, K. Willingness to pay for flood risk reduction and its determinats in Japan. J.

Am. Water Resour. Assoc. 2006, 42, 927–940. [CrossRef]
44. Entorf, H.; Jensen, A. Willingness-to-pay for hazard safety—A case study on the valuation of flood risk reduction in Germany.

Saf. Sci. 2020, 128, 104657. [CrossRef]
45. O’Connell, P.; Ewen, J.G.; O’Donnell, G.; Quinn, P. Is there a link between agricultural land-use management and flooding?

Hydrol. Earth Syst. Sci. 2007, 11, 96–107. [CrossRef]
46. United Nations Department of Humanitarian Affairs. Internationally Agreed Glossary of Basic Terms Related to Disaster Management;

DHA/93/36; UN: Geneva, Switzerland, 1992.
47. Department for Environment, Food and Rural Affairs. Guidelines for Environmental Risk Assessment and Management; DEFRA:

London, UK, 2000.
48. Birkmann, J. Measuring vulnerability to promote disaster-resilient societies: Conceptual frameworks and definitions. Inst.

Environ. Human Secur. J. 2006, 5, 7–54.
49. Pamungkas, A.; Bekessy, S.A.; Lane, R. Vulnerability Modelling to Improve Assessment Process on Community Vulnerability.

Procedia Soc. Behav. Sci. 2014, 135, 159–166. [CrossRef]
50. Dunford, R.W.; Harrison, P.A.; Bagstad, K.J. Computer modelling for ecosystem service assessment. In Mapping Ecosystem Services;

Burkhard, B., Maes, J., Eds.; Pensoft Publishers: Sofia, Bulgaria, 2017; pp. 126–137.
51. Fohrer, N.; Haverkamp, S.; Frede, H.G. Assessment of the effects of land use patterns on hydrologic landscape functions:

Development of sustainable land use concepts for low mountain range areas. Hydrol. Process. 2005, 19, 659–672. [CrossRef]
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