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Chapter 1

General introduction

1.1. Problems statement

Soil erosion by water, wind, and tillage is the greatest threat to soil health and soil
ecosystem services in many regions of the world including Africa, Asia, Latin America,
the Near East and North Africa, and North America. The trend for soil erosion was
becoming progressively worse in the first four of those regions. Only in Europe, North
America, and the Southwest Pacific, the trend for erosion was improving (Pennock,
2019). Water erosion is one of the main forms of land degradation. Researchers reported
that one-sixth of the world’s soils are affected by water erosion. In mountain areas of
developing countries, soil erosion constraints rural development and aggravates poverty
by decreasing the productive capacity of highland agriculture and livestock raising
(Zimmerer, 1993; Lal, 2001; Carlos, 2005)

In water erosion, the detachment of soil from the soil layers occurs in two ways:
from the impact of raindrops splash on the soil surface and from eroding forces by runoff
(Kinnell, 2006; Matsumoto et al., 2016). Transport of the detached sediment by flowing
water first occurs in thin sheets of runoff (sheet erosion). Then runoff water is
concentrated in small channels (rill erosion) or deeper incisions (gully erosion); in both
of these types of channels, the erosive forces of the flow are significantly boosted. The
rill and gully erosion cause visible signs of erosion operating in the landscape. In most
cases, the runoff and sediment are carried to a stream system and are removed entirely
from the landscape. In some cases, vegetation settles the sediment and runoff water by
decreasing the velocity of the water flow (Pennock, 2019). Water erosion is originally a
natural process; it is also accelerated by human activities such as slash and burn practices,
mass grazing, and abandoned plantation forest (Mizugaki et al., 2008; Pham, 2015).
Wischmeier and Smith (1978) investigated the driving factors of water erosion by
analyzing data from fieldwork. These factors, including rainfall pattern, soil type,
topography, crop system, and management practices, were computed to the Universal
Soil Loss Equation (USLE). The family of USLE models, including the original
Universal Soil Loss Equation (USLE), the Revised Universal Soil Loss Equation
(RUSLE), the Revised Universal Soil Loss Equation version 2 (RUSLE2), and the

1



Modified Universal Soil Loss Equation (MUSLE), were developed and applied
worldwide for aiding land management by clarifying the areas vulnerable to water
erosion in the baseline scenario, the potential water erosion rates, and possible causes of
water erosion. Still, some researchers reported that the most significant limitation of the
USLE family of models is their low applicability to regions outside the United States of
America (Aksoy and Kavvas, 2005; Naipal et al., 2015; Sadeghi et al., 2014).
Wischmeier and Smith (1978) have also clarified that the extrapolation error will be
occurred if the family of USLE models is applied to conditions different from the
agricultural conditions that the model was formulated. Rubianca et al. (2018) reviewed
studies that compared the soil loss rates calculated by the family of USLE models to
observed data and reported that the amount of soil loss predicted by the USLE family is
from 0.04 to 5 times higher than the observed values. The inability of USLE models to
calculate the gully erosion and massive events is one of the reasons for underpredicted
soil loss (Thorne et al., 1985; Dabney et al., 2012; Gaubi et al., 2017). An integrated field
assessment-modeling approach is essential for predicting the long-term annual soil loss
rate (Evans and Boardman, 2016).

In Vietnam, much of the natural forest damaged during the war was further
degraded by people looking for food and land for crops in the 1970s and 1980s (Pham,
2000). Large forests and protected areas were deforested, leading to decreasing land
cover and rapidly declining soil quality (Mai, 2007; Nguyen et al., 2008). Natural forest
cover was 19 Mha in 1945, 12 Mha in 1980, 9.6 Mha in 1985, and 9.3 Mha in 1992 (Mai,
2007). Vezina (2006) reported that water erosion is the most serious degradation problem
in Vietnam. The degraded area covered 13 million ha, accounting for 40% of the total
land area of the country. Thai and Nguyen (1994, 1998) reported that annual soil loss of
70-100 Mg ha™! in an upland rice and cassava cultivation area and 7-88 Mg ha! in a
heavy textured soil area. These cause a considerable loss of nutrients annually, including
5,600 Mg of organic matter, 199.2 kg of nitrogen, 163.2 kg of phosphorous, and 33 kg
of Ca and Mg. Annually, water washes away about 250 million Mg of fertile alluvial to
the sea (Socialist Republic of Viet Nam, 2018). As a result, soil loss was the major cause
of reducing crop yield (Vu, 2015).

In the northern and central highlands of Vietnam, water erosion has been well
investigated using both field assessment and modeling approaches, especially in parts of
the highlands affected by timber harvesting, shifting cultivation, and forest clearance

(Douglas, 2006; Sidle et al., 2006; Vezina et al., 2006). Annual soil loss under forests is
2



estimated at 3—12 Mg ha™!, under coffee and tea 22-70 Mg ha!, and under cassava and
hill rice 175-260 Mg ha™! (Tran, 1995; Vu, 1999; Tran, 2001). Based on the results of
water erosion research, scientists have developed and adapted soil erosion control
methods to agricultural farming on sloping land with outstanding efficiency. The
practical techniques are planting trees along contour lines, planting trees in ditches (e.g.,
tea, sugarcane, pineapple); planting trees in holes (e.g., coffee, rubber, citrus, avocado),
covering the soil with green manure plants, rice straw, sugarcane leaves, grass residue,
polyethylene, or rootstock; plowing and weeding along contour lines; crop rotation,
intercropping, and overlapping crops; arranging appropriate planting and harvesting
times; using a sloping land-farming model; and minimal farming (Nguyen and Thai,
1999). Nguyen and Pham (2018) reported that for coffee planted on the following
contour lines, the amount of soil loss annually was 63.37 Mg ha!. On the coffee
cultivation following level top bench terrace, the soil loss was only 39.55 Mg ha'.
Compared to traditional methods, planting more grass strips and intercropping soybean
with the main crops reduced the amount of soil loss by 71% and 63—76%, respectively.
For the annual crop (maize), compared to traditional methods, using the stems of maize
as mulching material after harvesting to cover lands following contour lines and terraces,
and intercropping with legumes decreased the amount of soil loss by 38-59% and 50—
68%, respectively.

Central Vietnam is usually suffered from tropical storms and extreme weather.
The highland areas with a complex topography and steep slopes occupy more than 75%
of the total land area in the central part of Vietnam, thus, frequently suffering from the
harsh climate that causes water erosion (Le, 1998). However, the studies on water erosion
mostly applied the modeling approach, but not the field assessment approach (Pham,
2008; Truong et al., 2012; Nguyen and Nguyen, 2014; Tran et al., 2014; Pham et al.,
2018; Huynh et al., 2020). The water erosion process and its seasonal risks have not been
well investigated. The efficiency of water erosion mitigation solutions has not been
tested. Therefore, these studies suggested ambiguous recommendations for water erosion

mitigation to local land managers and farmers but no specific solutions.

1.2. Objectives
To increase insight into the water erosion processes in central Vietnam and to support
local government and farmers in land use management, my study pursued the following

objectives:



1) To clarify the site-specific conditions in rainfall and soil characteristics and
their interaction that contributes to the water erosion generation processes.
2) To make specific practical recommendations to local land managers to

mitigate water erosion risks.



Chapter 2

Site description

Central Vietnam is one of the three geographical regions within Vietnam. It includes 1
municipality and 18 provinces, is separated into 3 administrative regions named North
Central Coast, South Central Coast, and Central Highlands. The North Central Coast is
5.15 million ha and contains 6 coastal provinces (Thanh Hoa, Nghe An, Ha Tinh, Quang
Binh, Quang Tri, and Thua Thien Hue) in the northern half of Vietnam's narrow central
part. All provinces stretch from the coast in the east to Laos in the west. The South
Central Coast is 4.44 million ha and contains 1 municipality (Da Nang) and 7 coastal
provinces (Quang Nam, Quang Ngai, Binh Dinh, Phu Yen, Khanh Hoa, Ninh Thuan, and
Binh Thuan) in the southern half of Vietnam's central part. One province shares a border
with Laos. The Central Highlands is 5.46 million ha and contains 5 mountainous
provinces (Kon Tum, Gia Lai, Dak Lak, Dak Nong, and Lam Dong) to the west of south-
central Vietnam. There are a significant number of ethnic minorities in this region. One
province is along Vietnam's border with Laos, and four share a border with Cambodia

(Le, 1998; General Statistics Office, 2017).
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Figure 2.1. Regions in Vietnam. Source: Lee et al., 2017.
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2.1. Geography

The north of Central Vietnam borders the Red River Delta and the Northwest. The south
borders provinces of Binh Phuoc, Dong Nai, and Ba Ria - Vung Tau. It borders Vietnam
east sea in the east and borders Laos and Cambodia in the west. The plains are surrounded
by the Truong Son range along the west and the sandy coastal along the east. The terrain
of Central Vietnam has a lower elevation in the northwest to southeast directions. The
western North Central Coast region is medium and low mountains. The altitude of the
mountainous area of Thanh Hoa province is 1000 to 1500 m above sea level. The
mountainous area of Nghe An and Ha Tinh provinces is the headwater of the Truong Son
range and is very rugged terrain. Most of the high mountains are scattered there. The
plains have a total area of about 0.62 million ha, of which the Thanh Hoa delta, which is
accreted by alluvial sources from the Ma and Chu rivers, accounts for nearly half of the
area and is the most expansive plain of the Central region. The Central Highlands locate
to the west of the Truong Son range. Its terrain is diverse and complex, mainly plateaus
with high mountains at an altitude of 250 — 2500 m. The South Central Coast consists of
a coastal plain and low mountains. There is a system of short and steep rivers, a deep
coastline with many bends, and a narrow continental shelf. The western mountains
spread along the north-south direction, gradually approaching the sea and progressively
narrowing the area. The plains are small and are accreted by rivers and seas, following

the foothills of the mountains (Le, 1998; Le, 2009).

2.2. Geology

The territory of Vietnam is divided into five structural blocks: Northeast, Northwest,

Truongson, Kontum, and Nambo. The Central locate in Truongson and Kontum blocks.

The Truongson block is regarded as northwest - southeast trending Paleozoic folded

system filled with thick Paleozoic formations (> 12000 m). Precambrian strata are
widespread in the Kontum block. Archean rocks are found only in the Kontum block,
which is regarded as a stable massif without Paleozoic sedimentary rocks (Tran, 1995).

The Archean granulites in the Kontum massif are grouped into the Cannak
complex, which is the oldest stratigraphic unit in Vietnam. They are found in close
connection with autochthonous plutons of alkali - charnokites (orthopyroxene-bearing

granites). The thickness of the complex has been estimated to be > 4000 m. Lower
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Proterozoic rocks found in the Kontum massif are placed into different complexes under
local names. The general thickness of the complexes has been estimated to be 2500—
3000 m. Upper Proterozoic metamorphic rocks with a strata thickness of 1000—-1200 m
are widespread and form a 50-60 km wide belt bordering the Kontum massif (Thi, 1985
cited from Tran, 1995).

Paleozoic strata in Central Vietnam are widespread in the Truongson blocks but
are absent in the Kontum blocks. In the Truongson block, the 1300 - 2000 m thick Middle
Cambrian - Lower Ordovician strata that consist mainly of limestone, mudstone, and
sandstone are named the Changpung types. The Changpung type has been regarded as a
member of the Eastern Asia-Australia paleobiogeographical province. The 3000-3500
m thick Upper Ordovician - Lower Silurian formations are largely distributed in the
Truongson block. Rocks are terrigenous flysch in character and contain graptolite
assemblages. The 2000-3500 m thick Upper Silurian formations covering large areas in
the Truongson block contain many fossils such as graptolites, brachiopods, trilobites,
and acritarchs (Ngan et al, 1986 cited from Tran, 1995). The Lower Devonian strata are
characterized by a 2000 m thick formation of shale and sandstone. The Middle Devonian
strata are characterized by a 1200 m thick terrigenous formation in the lower part and a
500 m thick carbonate formation in the upper part. The thin Upper Devonian strata are
composed of two facies: the carbonate facies contain Frasnian-Famennian
stromatoporoids and conodonts distributed in the north part of the block; the clastic facies
of the tidal-littoral zone is only Frasnian in the south part (Thanh et al., 1986 cited from

Tran, 1995). The Carboniferous - Permian formations widely distributed in the

Truongson block are composed of Lower Carboniferous shale, sandstone, conglomerate,

limestone, and Carboniferous—Permian limestone containing abundant assemblages of
foraminifers. The total thickness of the Carboniferous-Permian strata has been estimated

to be 1800—2200 m (Hung and Tien, 1986 cited from Tran 1995).

2.3. Climate

Central Vietnam is located in the tropical belt and is hot and humid throughout the year.
It forcefully suffers from the Asia monsoon regime, mainly as northeast and southeast
monsoon. In the North Central Coast, the impact of the northeast monsoon is powerful,

causing two distinct seasons in the region: the hot season is from May to October, and



the cold season lasts from November to coming April. On the other hand, the South
Central Coast and Central Highlands are mainly affected by the southeast monsoon with
heat and wetness the whole year. Due to the region’s varied terrain, Central Vietnam has
several sub-climate regions. For instance, Lam Dong Province in the Central Highlands
has a temperate climate. Ninh Thuan province has a tropical savanna climate. The
average annual temperature is from 26-27°C, the average rainfall is 700-800 mm in Phan
Rang city, the air humidity is from 75 to 77% (Le, 1998; Socialist Republic of Viet Nam,
2004; Babatunde et al., 2016). Central Vietnam suffers from 6 to 10 storms and tropical
depressions that cause heavy rain and flood. Storms and tropical depressions often occur
from June to November but mainly in September and October (Socialist Republic of Viet

Nam, 2004).

2.4. Vegetation

Vietnam is one of the 25 high biodiversity countries. It contains many types of
ecosystems and biological species, and it is rich and endemic in genetic resources. The
total forest area, as well as forest cover, increased —from 2015 to 2020. In 2020, the total
forest area was 14.7 million ha, the natural forest area was 10.3 million ha, the plantation
forest area was 4.4 million ha, and forest cover occupied 42% of Vietnam's total land
area. Natural forests are mainly timber, bamboo forests, and mixed forest of wood and
bamboo with approximately 8.9 million ha, 0.24 million ha, and 1.14 million ha,
respectively. The areca-coconut forest occupies a very small area, less than 5000 ha
(Vietnam Ministry of Natural Resources and Environment, 2021).

Central Vietnam consists of a large part of Vietnam's forest area and occupies 3
out of 8 forest ecological zones on the mainland of Vietnam. The forest coverage rates
in the Central Highlands, South Central Coast, and North Central Coast are 45.9%,
50.4%, and 57.4%, respectively (Vietnam Ministry of Agriculture and Rural
Development, 2021a). In 2020, the natural forest area in Central Vietnam was 6.0 million
ha (2.2 million ha in the North Central Coast, 1.6 million ha in South Central Coast, and
2.2 million ha in Central Highlands). The plantation forest area in Central Vietnam was
2.2 million ha, occupying 50% of those in the whole country. The plantation forest area
distributed in North Central Coast, South Central Coast, and Central Highlands is 0.92
million ha, is 0.87 million ha, and is 0.38 million ha, respectively. Acacia forest (1.35

million ha) was the largest plantation forest in the central region and the mainland of
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Vietnam. This forest is mainly developed in the South Central Coast (0.7 million ha) and
North Central Coast (0.55 million ha) (To et al., 2021; Vietnam Ministry of Agriculture
and Rural Development, 2021a).

2018 N
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Figure 2.2. Forest — Non-Forest map in Vietnam. Source: Truong et al., 2019.

In Vietnam, forest biodiversity is concentrated mainly in special-use forests and
protection forests that play a vital role in watershed protection and biodiversity
conservation, contributing to climate change response. According to the purpose of
biodiversity protection and conservation, special-use forests are classified into (i)
national parks; (i1) nature reserve; (iii) species - habitat conservation areas; (iv) landscape
protection zones (forests preserving historical-cultural relics, scenic spots); (v) forest of
beliefs; (vi) urban environmental protection forests, industrial zones, export processing
zones, economic zones, high-tech zones; (vii) scientific research and experimental
forests; (viii) national botanical garden and (ix) national seed forest (Vietnam Ministry
of Natural Resources and Environment, 2021). By 2020, the central region has 14
national parks, 24 nature reserves, 7 species, and habitat conservation areas, and 21
landscape protected areas, occupied by 50%, 42.8%, 58.3%, and 39.6% of the total of
those in Vietnam, respectively. The special-use forest area of the three ecological regions

1s 0.61 million ha in the North Central Coast, 0.28 million ha in the South Central Coast,



and 0.48 million ha in the Central Highlands, respectively (Vietnam Ministry of
Agriculture and Rural Development, 2021b). The protection forests distributed in the
three ecological regions of the central region is 1 million ha in the North Central Coast;
1.16 million ha in the South Central Coast, and 0.64 million ha in the Central Highlands,

respectively (Vietnam Ministry of Natural Resources and Environment, 2021).

2.5. Soils

Viet Nam soils include 14 groups and 31 soil units. In the mountainous and hilly areas,
the largest soils groups are Acrisols (20 million ha) followed by Ferrasols (3 million ha).
These soils rapidly degrade and tend to be acidic with low fertility. However, they are
suitable for forestation and perennial and fruit crops cultivation (Nguyen and Thai, 1999).
Those in the deltas are mostly alluvial soils (3.4 million ha), marine sandy soils (0.5
million ha), and gley soils (0.5 million). Except for sandy soils, these soils are mostly
very fertile and can cultivate effectively intensively. (Babatunde et al., 2016).

In Central Vietnam, Acrisols are developed from clay shale, metamorphic,
sandstone, igneous rock, and ancient alluvium. They are found at altitudes from 25 m to
900m above sea level in the North Central Coast, 50 m to 900 m in the South Central
Coast, and less than 1000 m in the Central Highlands. Soil properties vary according to
the parent rock type. The leaching process leads to clay particles accumulating in the B
horizon, and the soil becomes acidic due to the loss of alkaline substances. Quantitative
results of the B layer, according to the quantitative classification method of FAO -
UNESCO, show that the B layer of Acrisols meets the standards of B.Argic (Nguyen and
Thai, 1999; Vietnam Soil Science Association, 2000). Ferrasols are found almost entirely
in Central Highlands. They locate at high elevations, on sloping or gentle terrain, or
strongly dissected. The typical parent rock is basalt. In addition, there are other parent
rocks such as shale, metamorphic rock, and limestone. The weathering process of parent
rocks happens intensively (Nguyen and Thai, 1999).

Alluvial soils in Vietnam are divided into 3 units: alluvial soils in the Red River
system, those in the Mekong River system, and the other rivers system. Generally, the
alluvial soils of the Red River and Mekong River systems are good. Those of the other
rivers system have lower soil fertility because of their relatively poor chemical properties.
Dystric Fluvisols occupy most of the alluvial soils in the central region. Their main

characteristics are: they have a base saturation of less than 50%; there is no potential or
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active alum layer in the soil profile from the soil surface to a depth of 125cm; the soil is
usually light brown; acidic (pHkci1 = 4.5 — 5); active aluminum content is moderate-high;
Soil organic and nitrogen content are moderate; Soil total and available phosphorus are
poor; Soil total potassium content and the exchangeable potassium content are moderate
(NISF and DSTPQ, MARD, 2002). The marine sandy soils area in the Central Coast
provinces is 0.34 million ha comprising 63 % of Vietnam’s sandy soils. In spite of their
small area, they play an essential role in regional economic growth (Hoang et al., 2010).
The Umbric Gleysols are the only units of Gley soils distributed in the central region.
These soils cover an area of more than 43,000 ha, to be found almost entirely in the North
Central region. They are often flooded, and waterlogged the whole year cause there is no
A layer, the soil has no structure, and gleying occurs strongly in the entire profile. These
soils are usually very rich in organic matter and humus (OM% is often 3-4%), but this is
mainly in the coarse humus form because of the slow mineralization of carcass of aquatic
organisms. The soils are very acidic (pHxkcr < 4.4). They significantly contain reducing
substances such as Fe?*, H,S..., and are poor to very poor in phosphorus and potassium

(Vietnam Soil Science Association, 2000).
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Chapter 3

Analysis of the processes that generate surface runoff and soil erosion
using a short-term water budget on a mountainous sloping cropland in

central Vietnam

3.1. General

Water erosion is one of the most severe soil degradation phenomena worldwide (Lai,
1998; Pimentel, 2006; Mekonnen et al., 2015). It is the most hazardous phenomenon to
soil productivity in five regions of the world: Africa, Asia, Latin America, Near East and
North Africa, and North America (FAO & ITPS, 2015; Pennock, 2019), and can reduce
the annual global crop yield by up to 0.4 % (FAO, 2015). Field measurement and
modeling are two major approaches for water erosion assessment worldwide (Pennock,
2019). Wischmeier and Smith (1978) identified the factors affecting the intensity of soil
erosion through analyzing data from fieldwork and computing these data to the Universal
Soil Loss Equation (USLE). At a regional scale, the family of USLE models is suitable
for testing hypotheses of the water erosion process, building scenarios, and assisting
managers in policy setting, but not for an accurate measure of the soil loss rate (Panagos
et al., 2016). Applying these models outside the United States of America requires
researchers to establish local field measurements for models equation calibration
(Kinnell, 2016). Evans and Boardman (2016) stated that an integrated field assessment-
modeling approach will greatly benefit modeling efforts.

In Vietnam, much of the natural forest damaged during the war was further
degraded by people looking for food and land for crops in the 1970s and the 1980s (Pham,
2000). Many migrants moving into the highlands had no choice but to settle on land that
was not suitable for agriculture due to low fertility. When such land is not covered, it
often becomes subject to severe erosion and a rapid decline in fertility (Nguyen et al.,
2008). Vezina (2006) reported that water erosion is the most serious degradation problem
in Vietnam. The degraded area encompasses 13 million ha, accounting for 40 % of the
total land area of the country. In highland areas, soil loss is the leading cause of
reductions in crop yields (Vu, 2015).

The Thua Thien Hue Province is situated along the tropical typhoon belt and thus

frequently suffers from typhoons and floods. The highlands account for more than 75 %
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of the total land area (Thua Thien Hue People’s Committee, 2005; Duc et al., 2012), and
are often affected by a harsh climate that causes water erosion. Additionally, the highland
area is the home to minority ethnic groups, which together account for over 70 % of the
total population, with agricultural production being maintained primarily for self-
sufficiency. Furthermore, the land use and management practices of local governments
and farmers mainly rely on exploiting natural soil fertility. Thus, they do not pay
adequate attention to soil protection or focus on improving soil fertility.

In the northern and central highlands of Vietnam, a wide range of studies have
been undertaken on soil erosion at the plot and watershed scales, particularly in parts of
the highlands affected by timber harvesting, shifting cultivation, and forest clearance
(Douglas, 2006; Sidle et al., 2006; Vezina et al., 2006). Fallow land with 10—-15 % ground
cover loses 223 t ha™! year! of soil, and a year-old coffee plantation intercropped with
shade trees loses 4459 t ha ! year ! of soil. Extensive annual crop cultivation has caused
a loss of 250-300 t ha™! year ! of soil (Environment Database Division, 2002 cited by
Nguyen, 2008). In spite of this, only two soil erosion studies were conducted in the
highlands of Thua Thien Hue Province by Tran et al. (2014) and Pham et al. (2018).
They used the family of USLE and a geographical information system (GIS) to predict
soil loss rates, but they lack actual measurement data in the field, such as surface runoff
volume, sediment yield and the rainfall erosivity factor (R) corresponding to the climatic
conditions of the study area, and the cropping management factor (C).

Besides, their studies did not focus on the seasonal erosion risk, the dual impact
of rainfall and coverage on soil loss, or the impact of rainfall on land cover, despite the
fact that it is necessary for land managers to be aware of seasonal variations in water
erosion risks (Kulikov et al., 2016). Thus, it is unclear how environmental conditions,
such as rainfall characteristics and soil properties, interact to generate water erosion in
different land-use types in the highlands of Thua Thien Hue Province. To compensate
for the shortcomings of the afore-mentioned erosion studies, a plot scale study was
undertaken, in which detailed water movement including the infiltration and runoff
generation during rainfall events could be analyzed at short intervals. The results were
demonstrably useful for improving our understanding of the factors contributing to
rainfall characteristics, soils, and the erosion process at regional scales; in regions such
as northern and northeastern Thailand (Funakawa et al., 2007), the Uluguru Mountains
in Tanzania (Nishigaki et al., 2017), and eastern Cameroon (Nishigaki et al., 2017).

Those researches that applied the short-term water budget have successfully clarified the

14



integrated impact of rainfall characteristics and initial volumetric soil water content of
each rainfall event on the water erosion generation process. Using this approach, the
main objectives of the present study were to 1) clarify the site-specific conditions in
rainfall and soil characteristics that contribute to the processes generating surface runoff
and soil erosion; and 2) apply the results obtained to make recommendations that will

decrease soil erosion risks at local farmers’ practices.

3.2. Materials and methods

3.2.1. Site description

The research was conducted in the Nham commune, which is located at 16°1343"N,
107°1059"E, A Luoi District, Thua Thien Hue Province, Vietnam, where four ethnic
minority groups (Pa K6, Ta Oi, Ka Tu, and Pa Hy) comprise more than 90 % of the total
district population. The agricultural land is mainly situated on slopes ranging from 10—
20°, at elevations of 600—800 m above sea level. The climate is characterized by a
tropical monsoon climate, and the average annual rainfall and air temperature from 1984
to 2013 were 3808 mm (SD = 1027.8) and 21.7 °C (SD = 0.42), respectively. The major
rainy season occurs from August to December, and rainfall is concentrated mainly in
October and November, whereas the minor rainy season occurs from March to July. The
soils at the study site are derived mainly from sedimentary rocks and/or felsic igneous
rocks. Hence, they are strongly acidic and classified as Ferralic Acrisols and Dystric
Cambisols, according to the FAO-UNESCO soil classification system (Thua Thien Hue
People’s Committee, 2005).

Food crop cultivation is the main livelihood for the local people. They typically
follow traditional slash-and-burn cultivation, which is a nomadic farming style. However,
since the 1980s, locals have cultivated two paddy rice (Oryza sativa) crops annually; the
first is called fifth-month rice, which is grown from February to May, and the second is
called tenth-month rice, which is grown from June to September. One upland rice crop
is also cultivated between May and November. Maize (Zea mays L.) is planted as a
monocrop or is intercropped with upland rice. Cassava (Manihot esculenta) is grown as
a monocrop from February to October and from April to November or intercropped with
acacia hybrid (Acacia mangium x Acacia auriculiformis). The success of crops depends

mostly on the natural condition of the land, and locals generally do not care about
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applying fertilizer to the soil to enhance their crops (Ha & Hoang, 2012). Animals such
as buffalo, cattle, and goats are grazed in the forest, whereas pigs and poultry are kept
within gardens. The raising of animals is focused around religion and meat as a food
source or for sale in markets, and they are not used for labor and manure. Their work

tools consist of large knives, diggers, rakes, and sticks for pricking holes.

3.2.2. Experimental setting

This study applied an experimental setting similar to that described by Nishigaki et al.
(2017). Four treatments were established, each with two replicates: February cassava
plot (FC), bare land plot (BA), April cassava plot (AC), and April cassava + September
acacia intercropping plot (CAI). The plot size was 0.8 x 2.4 m and was small enough to
calculate the water budget within the plot during rainfall events, and to minimize the
impact of microtopography on runoff dynamics (Funakawa et al., 2007; Nishigaki et al.,
2017). In FC, cassava was planted at the end of February and harvested on October 30,
2017, and 2018. In the AC and CAI, cassava was planted on May 1 and harvested on
November 30, 2017, and 2018. Acacia was planted on September 5, 2017, in the CAL
The soil surface within all plots was kept free of weeds by hand throughout the
experimental period, which was conducted once every two weeks. Fertilizers were not

applied to crops.

Nham commune, A Luoi district, 613 m
above sea level

B1 10-30cm 14 38.3 47.7

Bt1 30 —-45 cm 15.9 31.5 526

FC - Plot 1 BA - Plot 3 AC — Plot § CAl - Plot ' Bt2 45 — 85+ cm 12.4 30.9 56.7

Figure 3.1. Experimental design and soil profile at the experimental field A Luoi
district.
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The plots were surrounded by iron sheets on a slope ranging from 11.7-17.0°
after they were cleared of natural vegetation (Figure 1). Each plot had one tipping bucket
installed to collect runoff for later recording; the volume of water per tip was
approximately 65 mL (0.03385 mm per plot). One large (60 L) bucket was used to collect
the soil lost from each plot. For plots 2, 4, 6, and 7, three time-domain reflectometry
moisture sensors were installed (CS616) at 0—15, 15-30, and 30—60 cm to determine the
soil moisture. Tipping bucket rain gauges (TES25MM) and CS215 sensors were used to
record the rainfall and air temperature, respectively. All sensors were connected to two
CR1000 data loggers, and data were recorded every 10 min, except for the atmospheric

temperature, which was taken at 30-min intervals.

3.2.3. Measurements of experimental components

A rainfall event was identified by the following rules: if any adjacent rainless period was
shorter than the rainfall period, it was incorporated into the rain event; rainless periods
<1 h were always included within a longer event; and rainless periods >6 h were always

used as separators between two successive events (Veneziano & Lepore, 2012).

The average intensity of rainfall events was indicated as Iins, which was defined
as the ratio of the total rainfall volume to the duration of the rain event. The maximum
rainfall intensity was denoted by I1omax, Which is the total rainfall volume recorded at 10-
min intervals. Rain showers were classified as light, moderate, or heavy rain, with rates
of approximately 0-2.5, 2.6-7.6, and >7.6 mm h™!, respectively (Linsley, 1977). Runoff
water was collected twice per month or when the volume of runoff water was
approximately two-thirds of the bucket volume and was weighed and used to calibrate
the runoff gauges.

At depths of 0-5, 5-10, 20-25, and 40—45 cm, five replicates of undisturbed soil
core samples of 100 cm® (5 cm height) were collected from the soil profiles. These
samples were used to measure bulk density (Gross & Reinsch, 2002) and saturated
hydraulic conductivity (Ks) using the constant-head and falling-head methods (Klute,
1965). The soil moisture constants of core samples at depths of 5-10, 20-25, and 4045
cm were determined following the procedures of Klute (1986) and Dane and Hopmans
(2002). The volume of the large pores was calculated using the gap between the saturated
and wilting points. Sediments trapped in the large buckets were collected every two

weeks, air-dried, and weighed.
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3.2.4. Data analysis

All experimental data including air temperature, soil volumetric water content, rainfall,
runoff volume and sediment amount was monitored during the period from February 27,
2017, to December 9, 2018. Sediment concentration was calculated as the ratio of the
total sediment trapped in large buckets, and the total runoff volume was recorded by
runoff gauges over the same period. The daily soil loss during this period was then
computed by multiplying the sediment concentration and the daily runoff volume. To
assess how the initial volumetric water content (VWC) affected runoff generation and
water movement, rainfall events were grouped based on the initial VWC of the top layer
(0—15 cm) at the beginning of each event (Nishigaki et al., 2016). Soil was considered
wet when the initial VWC was greater than the field capacity (Ym =—9.8 kPa), dry when
the initial VWC was lower than the wilting point (Ym = —1,500 kPa), and moist when

the initial VWC was between the two water constants.

To evaluate the effect of environmental parameters on soil loss and runoff
generation, multiple regression models were constructed using stepwise backward
selection procedures (P < 0.05) (Rawlings et al., 1998; Funakawa et al., 2007; Prats et
al., 2012 cited by Nishigaki et al., 2016). In advance to the analysis, the rainfall volume
was log-transformed to restore normality. The runoff volume was then recalculated using
the following equation:

Runoff volume = log(rainfall) x runoff coefficient of rainfall event/100 (1)

In addition, in many rainfall events, precipitation volume dropped off
significantly within 1 or 2 h, and it continued to rain at a lower intensity for many hours,
causing the Iins of those events to be underestimated. Consequently, instead of Linrs, [1omax
was selected as the independent variable that impacted runoff generation. The model
equations used in the analysis are as follows:

ROvoiume =a + b X R+ ¢ X Ligmax + d X VWCiitial, 2)

SLyvotume = a + b X Iomax + ¢ % ROvotume, 3)

where ROyolume (mm) is the runoff volume that was recalculated based on the
logarithm of rainfall volume and SLyoume (Mg ha™) is the soil loss volume that was
recalculated by applying the following equation: SLyoume = ROvoume %X sediment
concentration in runoff water/100. The rainfall volume (R), liomax, and initial VWC

(VWCinitial) were selected as independent variables that could explain runoff volumes
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(ROyolune), and the volume of soil loss (SLvolume) could be explained by the Iiomax and
ROvome generated during a rainfall event.

A two-way analysis of variance (ANOVA) with replication and Tukey’s honestly
significant difference (HSD) test (a = 0.05) were used to evaluate the impact of coverage
status on soil loss and runoff generation. All statistical analyses were performed using

Microsoft Excel software.

3.3. Results

3.3.1. Soil physical characteristics

Bulk density generally increased as clay content increased, and decreased with
increasing soil depth. The saturated hydraulic conductivity (Ks) was highest at the
surface layer. The volume of large-sized pores was high, which contributed to the high
Ks of the surface layer (0—10 cm) at the beginning of the experiment. The value of Ks
was significantly lower 21 months later (Table 3.1, Figure 3.1).

Table 3.1. Soil water and physical properties at different depths

Depth Bulk Saturated Volumetric Field Wilting Volume of
density hydraulic conductivity water content  capacity! point? larger-sized
(Mg m™) (mm h™) at saturated (LLY (LLY pores® (L L™)
Before After point
experiment experiment (LLY
7.3 x10%(5.6
0-5cm 1.03 3.6 (7.7)
x 10?)
5-10 0.425
1.03 51.5(52.1) 0.2 (0.3) 0.514 (0.01) 0.302 (0.02) 0.212
cm (0.02)
20-25 0.461
1.18 4.3 (2.3) 0.1 (0.1) 0.523 (0.01) 0.344 (0.02) 0.179
cm (0.02)
40-45 0.471
1.24 0.2 (0.2) 0.526 (0.04) 0.345 (0.03) 0.181
cm (0.02)

Value shown in parentheses are standard deviations

'VWC at —9.8 kPa of matric potential (pF 2).

2VWC at —1,500 kPa of matric potential (pF 4,2).

3The difference in VWC between the saturated point and wilting point.

19



3.3.2. Rainfall characteristics and temporal dynamics of soil moisture contents

There were no differences in the monthly average temperatures between 2017 and 2018,
but the total rainfall volume in 2018 accounted for only half of that in 2017, being 1354.5
and 2761 mm, respectively (Figure 3.2). Differences were observed mainly in July,
September, and November; no typhoons affected Vietnam’s central region in 2018,
whereas in 2017 there were typhoons on July 25-26, September 14—15, and November
3-5, producing rainfall volumes of 97.8, 158.2, and 443.1 mm, respectively. These
results demonstrate the extreme effect of typhoons on the research site, as well as on
Thua Thien Hue Province as a whole. The third typhoon created a massive flood on flat
land and caused landslides and erosion in the highland area. Based on climate data
collected from 1984 to 2013 by the Thua Thien Hue Hydrometeorological Forecasting
Center, the abnormally low rainfall in 2018 had not been observed before in the A Luoi
District (the previous lowest rainfall volume was 2351 mm in 2012). However, some
unusual phenomena were observed in the Thua Thien Hue Province, as follows: in Hue
City in 1988 and 1989, the rainfall volumes were 1426 and 1751 mm, respectively, while
in Nam Dong (another highland district of the province) in 2012, the rainfall volume was

1806 mm.
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Figure 3.2. Monthly rainfall and temperature in 2017 and 2018.
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During the experimental period, from February 27, 2017, to December 9, 2018,
205 rain events accounted for more than 95 % of the rainfall volume observed (the
remaining volume comprised drizzle events). In 2017, 111 events occurred, comprising
49 events in the minor rainy season and 62 events in the major rainy season. Ninety-four
events occurred in 2018, and 54 and 40 events occurred in the minor and major rainy
seasons, respectively. While the proportion of heavy, moderate, and light rain events
clearly differed between the minor and major rainy seasons in 2017 and 2018 (Figure
3.3) and the rainfall volume in the major season was significantly higher than that in the
minor season in 2017, the difference in rainfall volume between the minor and major
rainy seasons in 2018 was not large (Table 3.2). The heaviest event occurred over 54 h
on November 3-5, 2017, with a rainfall volume of 443.1 mm. The l1omax recorded during

the experimental period on July 12, 2017, was 17.1 mm (Figure 3.4).
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Figure 3.3. Proportion of amount of rainfall with different average rainfall intensities in

2017 and 2018.

The results of the Iins classification showed that the Iins values of rain events in

the 2018 rainy seasons were much lower than those in 2017 (Figure 3.3). While the
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proportion of heavy rain events decreased sharply, the opposite trend was observed in
the proportions of moderate and light rainfall events. There were 46, 59, and 100 events
classified as heavy, moderate, and light rain, respectively. Heavy rainfall events were
distributed mainly in the minor rainy seasons, light rainfall events occurred mostly in the
major rainy seasons, and moderate rainfall events were distributed equally between the

minor and major rainy seasons (Figure 3.3).
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Figure 3.4. Daily rainfall and maximum 10-min intervals of rainfall intensity during the
experiment period.

The daily soil moisture content differed considerably among treatments.
Generally, the soil moisture content in the treatments was in the order of AC > CAI >
FC > BA (Figure 3.5). However, because of the significant reduction in rainfall in 2018,
a change in the soil moisture content in the soil layers occurred (Figures 3.5 and 3.6).
That is, the number of days during which the soil was in the dry condition increased, and
the number of days that the soil was in the wet condition decreased in 2018, compared
to 2017. Indeed, the number of wet days in 2017 was 143, 106, 235, and 187 in FC, BA,
AC, and CAl, respectively, and in 2018, the number of wet days was 66, 37, 87, and 70
in FC, BA, AC, and CAl, respectively. In contrast, in 2017, the number of dry days was
10 and 11 in FC and BA, respectively. There were no dry days in AC and CAI, and in
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2018, the number of dry days was 59, 104, 34, and 21 in FC, BA, AC, and CAI,

respectively.

Analyzing the daily VWCs at 0-15, 15-30, and 30-60 cm depths for the four

treatments over the experimental period indicated that the VWCs were much lower in

2018 than in 2017, in not only the top layer but also in the sub-layers. In 2017, the VWCs

in the sub-layers of all treatment plots were rarely lower than 0.40 cm® cm™. In 2018,

however, the VWCs in the sub-layers fell below 0.35 cm?® cm ™ (Figure 3.6).
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Figure 3.6. Daily volumetric water content at four treatments over the experimental
period.

3.3.3. Runoff, soil loss volume, and sediment concentration in runoff water

The rainfalls, runoffs, and soil losses, runoff coefficients, and sediment concentrations
in runoff water during the experimental period (from February 27, 2017, to December
09, 2018) are shown in Table 3.2. The differences in the runoff volumes, soil loss
volumes, and runoff coefficients were significant among the plots: the runoff volumes,
soil loss volumes, and runoff coefficients in BA were more than twice as high in FC and

1.5 times higher in AC and CAL

According to Table 3.2, the soil loss volume in FC was significantly lower than
that in AC, mainly because of the significantly lower runoff coefficients during the early
three terms (8.2 and 15.5 % in Mar—Jul 2017, 16.9 and 23.7 % in Aug—Dec 2017, and
8.3 and 12.0 % in Jan—Jul, respectively). Early planting of cassava was considered
advantageous for decreasing soil loss due to the early development of soil surface
coverage. On the other hand, acacia intercropping (CAI) did not seem to be effective in
suppressing surface runoff and soil loss relative to monocropping of cassava (AC), at

least under the present conditions (April cassava + September acacia; in the first year).
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Figure 3.7 shows the daily and cumulative soil losses during the experimental period. In
the four treatments, soil loss accumulated substantially when heavy and large rain events
occurred. In FC and BA, the highest soil losses occurred on November 5, 2017, when a
typhoon (November 3—5) produced 443.1 mm of rain mostly on that day, while the soil
surface was uncovered. In contrast, AC and CAI achieved their highest losses on May
19, 2018, when a series of heavy rain events occurred after the soil surface had been
disturbed for April cassava crop cultivation.

In the 2017 minor rainy season, when the soil surface was not covered in BA or
the coverage areas in cropping treatments were small (Figure 3.1), the Iins values of
many events were vigorous (Figure 3.3). Consequently, the soil aggregates were
destroyed and the sediment eroded easily from the surface layers. This caused total soil
loss, except in BA, and the sediment concentrations in runoff water from all treatments
in the minor rainy season were much higher than those in the major rainy season. In the
2017 major rainy season, because of the much higher rainfall volumes (Figure 3.4) and
VWCs in the surface layers (Figure 3.5), there were significant increases in the runoff
volume and coefficients of all treatments, compared to those in the 2017 minor rainy
season. This could explain why, in comparison between the minor and major rainy
seasons in BA, the sediment concentration in runoff water was significantly reduced but
the soil loss volume was slightly increased (Table 3.2). In contrast, in 2018, there was
little difference in rainfall volumes and VWCs in the surface layers between the two
rainy seasons (Table 3.2), which, combined with the steady decrease in heavy rain events
(Figure 3.3), caused not only less soil loss and lower sediment concentrations, but also
significantly reduced runoff volumes and coefficients for all treatments in the major
rainy season, compared to those in the minor season (Table 3.2).

Analysis of the runoff coefficients indicated that the VWC at the surface layers
and coverage status at the beginning of events differed between treatments. Thus, the
difference in runoff coefficients was obvious. The runoff coefficients of the treatments
decreased in the order BA > AC, which was almost equal to CAI > FC. However, in
some periods, the order was different. In the 2017 minor rainy season, for instance, the
VWCs at the surface layer in AC and CAI at the beginning of the rain events were
significantly higher than in BA, and the crop coverage areas were insignificant.
Consequently, the runoff coefficients did not differ among BA, AC, and CAL In the later

part of the major rainy season in 2018, when the February—October cassava crop was
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harvested, the lack of coverage caused the runoff coefficient in FC to be higher than

those in AC and CAI (Table 3.2).
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Figure 3.7. Daily and cumulative soil loss in the four treatments.

Two-way ANOVA with replication showed that the differences in soil losses,
runoff volumes, and runoff coefficients among treatments and rainy seasons were
statistically significant. A significant difference in sediment concentrations was found
between the rainy seasons, but not within treatments (P < 0.05). Tukey’s HSD test (a0 =
0.05, 0.1) indicated that the runoff coefficient and runoff volumes generated during the
2017 major rainy season were significantly higher than those in other rainy seasons. In
AC and CAl, the runoff coefficients in the 2018 major rainy season was significantly
lower than those in the other rainy seasons. While the differences in runoff volumes and
runoff coefficients between bare land and cropping treatments was statistically
significant, no significant difference in runoff volume and coefficient among cropping
treatments was found. A non-significant difference in the volume of soil loss was found

only between AC and CAI (Table 3.2).
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Table 3.2. Rainfall characteristics and differences among treatments in runoff and soil
loss amounts, runoff coefficient, and sediment concentration in surface runoff water

Treatment

1%t Feb
Cassava
-FC

2" Bare land
-BA

3" Apr
Cassava
-AC

4™ Apr
Cassava —
Sep Acacia
Intercropping
- CAI

Period

Mar—Jul 2017
Aug-Dec
2017
Jan—Jul 2018
Aug—Dec
2018
Total
Mar—Jul 2017
Aug-Dec
2017
Jan—Jun 2018
Aug-Dec
2018
Total
Mar—Jul 2017
Aug-Dec
2017
Jan—Jun 2018
Aug-Dec
2018
Total
Mar—Jul 2017
Aug—Dec
2017
Jan—Jun 2018
Aug—Dec
2018
Total

Total
rainfall
(mm)

1016
1745
714
640

4115

Number
of
rainfall
events

49
62
54
40
205

HSDy.05
HSD,.;

Total
runoff
(mm)

83.5b
2944 a
589b
299b
466.7 B

140.6 b
643.4a
123.8b
78.2b
986.0 A*

1579b
4144 a
85.7 bc

21.0c
678.9 B*

150.1b
394.1 a
108.1b

173 ¢
669.6 B*

81.8
71.1

Total
soil loss
(Mg ha™)

33.6a
15.8 ¢
21.6b
6.7d
78.7 C

57.1b
67.5a
359¢
13.5d
174.0 A

454 a
194 ¢
32.8b
5.1d
102.7 B

423 a
23.6c¢c
36.0b
3.4d
104.3 B

3.65

Runoff
coefficient
(%)

100 x B/A

82b
16.9 a
83b
47b
113 B

13.8b
369 a
173b
12.2b
240 A

155b
237 a
12.0b
33c¢c
16.5B

148b
22.6 a
15.1b
2.7¢
16.3 B

5.91

Sediment
concentration

eL™

100 x C/B

40.2 a
54c
36.7 a
22.5b
16.9 NS

40.7 a
10.5¢
29.0b
173 ¢
17.7 NS

28.8b
4.7 c
383a
244D
15.1 NS

282a

6.0c
333a
19.4b
15.6 NS

5.43

Different letters indicate significant differences at P < 0.05 by Tukey’s honestly significant difference
test for two factors with two replicates (different capital letters indicate significant differences, NS
indicates no significant difference among treatments, and different lowercase letters indicate significant
differences among rainy seasons). * indicates a significant difference at the P < 0.1 level.

3.4. Discussion

3.4.1. Factors influencing runoff generation and water movement

Generally, surface runoff can be generated via two different mechanisms: saturation

excess runoff (i.e., runoff is generated only when the soil moisture content exceeds the
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saturated point) and infiltration-excess runoff (i.e., runoff is generated when the surface
water input exceeds the infiltration capacity of the surface layer) (Tarboton, 2003; Yang
et al., 2015). Some studies have indicated that runoff ratio is controlled by initial soil
moisture content (Penna et al., 2011) and total rainfall, but not by average rainfall
intensity (Hino et al., 1988). Infiltration-excess runoff is rare in most humid regions
(Tarboton, 2003), and soil moisture condition at the beginning of events significantly

affects discharge rates (Meyles et al., 2003).
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Figure 3.8. Water balance during events with different initial volumetric water contents.
Upper graph shows the intensity of rainfall and surface runoff (mm 10 min ~ ') and
volumetric water content at each depth. Lower graph shows cumulative water amount
derived from rainfall in each proportion. (a) Rainfall event when initial surface moisture
condition was wet. (b) Rainfall event when initial surface moisture condition was moist.
(c) Rainfall event when initial surface moisture condition was dry.

The rainfall-runoff analysis in our study showed that when rainfall increased, the
rain-free period shortened. Consequently, the soil moisture content increased, and wet
conditions were more frequently observed. Moreover, the runoff coefficients in all

treatments increased as rainfall increased (Table 3.2), and the soil surface was wetter
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(Figure 3.5). This indicates that if rainfall volume of events are similar, a higher risk of
runoff generation in wetter soil conditions could be observed (Figure 3.8)!. When surface
soil was wet at the beginning of a rainfall event, rainfall infiltrated soil layers more
slowly, and if soil layers became saturated, rainfall became runoff water (Figure 3.8a).
In the case where the surface layer was in a moist condition, part of the rainfall infiltrated
moderately into the soil layer, and the remaining ran off intermediately (Figure 3.8b). In
contrast, when the soil was initially dry, most of the rainfall quickly infiltrated the soil

layers, and only a small volume became runoff water (Figure 3.8c).
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Figure 3.9. The relationship between rainfall and runoff in each event for the four
treatments.

Analysis of the rainfall event runoff coefficients showed that in some events,
surface runoff was generated even if soil moisture content did not exceed the saturated
point (VWC = 0.514 L L), even under dry conditions (VWC < 0.302 L L") (Figure

3.9). This indicates that there were mechanisms reducing soil layer infiltration capacity

1 At some rainfall events, the sum of runoff and volumetric soil water content at each depth did not

equal the rainfall amount. The reasons are 1) high rainfall intensity causes error of rain-gauge
measurement, and 2) spatially-uneven distribution of soil moisture especially under rapid water

infiltration into the soil would hinder accurate measurement by TDR probes.
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that were unaccounted for. Table 3.1 shows that the Ks values of all soil layers were
significantly reduced after the 21-month experiment. This could have occurred because
a series of heavy rain events occurred in the beginning period of the experiment when
the soil surface was not covered or when coverage areas were small. The size of soil
aggregate particles was reduced, topsoil that contained organic matter was eroded away,
infiltration capacity was reduced, and consequently, infiltration-excess runoff occurred
(Tarboton, 2003). In addition, the results from previous studies indicated that although
the average rainfall event intensity did not exceed the infiltration capacity of the soil
layers, if the rainfall intensity exceeds the infiltration capacity of the surface layer once
in a given period, a runoff would be generated via infiltration-excess runoff (Xue et al.,
2007; Yang et al., 2015). Horton (1945, cited from Kirkby and Chorley, 1967) assumed
that, during the long-lasting rainfall events of constant intensity, the infiltration capacity
of soil layers decreases continuously to a certain constant low value. When the
infiltration capacity is lower than the rainfall intensity, at any time, overland flow begins
all over the hillslope. Moreover, at near the base of the slope, overland flow can occur if
soil water draining down the slope is forced to the surface by the complete saturation of
the soil lower down the slope (Kirkby and Chorley, 1967). Overland flow generated in
this condition could happen at restricted areas of the hillslope at much lower rainfall
intensities than are required for common Hortonian overland flow. Whipkey (1965, cited
from Kirkby and Chorley, 1967) reported that overland flow occurs immediately at lower
slopes as half of the soil surface layer is saturated.

Previous studies reported that an increase in vegetation density caused a decrease
in runoff discharge during a rainfall event (Torri and Poesen, 2014). Vegetation coverage
slows down the formation of surface seals. Plant roots increase the volume of large-size
pores and hence increase the infiltration rate, thereby decreasing runoff volume (Gyssels
et al., 2005). In this study, the runoff volumes and runoff coefficients in bare land were
significantly higher than those in cropping treatments (Table 3.2).

Pearson’s correlation coefficients between the runoff volumes and environmental
parameters for all treatments and the matrix correlations among the environmental
parameters that impact runoff generation were built (Table 3.3). Relatively high positive
correlations were found between the runoff volume and log(rainfall) or Iiomax for all
treatments (mostly at the P < 0.05, 0.01), while only weak correlations were detected

between the runoff volume and rain duration or initial VWC (Table 3.3).
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Table 3.3. Matrix correlation among environmental factors impacting runoff generation

and soil loss

FC (n=192) Duration Log(rainfall) Tiomax Initial VWC Runoff Soil loss
amount

Duration 1

Log(rainfall)! 0.42%x 1

T1omax —0.14** 0.63*%%* 1

Initial VWC 0.36%** 0.14* —0.15%* 1

aR;EZiZ 0.13* 0.63%% 0.64%% 0.15%* 1

Soil loss® —0.13%* 0.32%%* 0.52%** 0.01 0.66***

BA (n =193) Duration Log(rainfall) Tiomax Initial VWC Runoff Soil loss
amount

Duration 1

Log(rainfall) 0.43%** 1

T10max —0.13* 0.64 %% 1

Initial VWC 0.3]%%* 0.09 -0.13* 1

Runoff amount 0.24%%* 0.76%*** 0.57*** 0.22%%%* 1

Soil loss -0.11 0.47%%* 0.61*** 0.12* 0.59%**

AC (n=195) Duration Log(rainfall) I 0max Initial VWC Runoff Soil loss
amount

Duration 1

Log(rainfall) 0.46%** 1

Tomax —0.14** 0.62%** 1

Initial VWC 0.33%%* 0.13* -0.11 1

Runoff amount 0.18** 0.70%** 0.66%*** 0.15%* 1

Soil loss —0.18** 0.33%%* 0.54%%* 0.04 0.54%**

CAI(n=196)  Duration Log(rainfall)  Tiome  Initial VWC oo Soil loss
amount

Duration 1

Log(rainfall) 0.48%** 1

Tomax —0.15%* 0.62%** 1

Initial VWC 0.29%*** 0.11 0.1 1

Runoff amount 0.1 0.66*** 0.69%** 0.12%* 1

Soil loss —0.19** 0.33%%* 0.55%%* 0.06 0.63***

IThe rainfall amount was log transformed to restore normality. >The runoff amount was recalculated using
the following equation: runoff amount = log(rainfall) x runoff coefficient of rainfall event/100. *Soil loss
was recalculated by applying the following equation: soil loss = runoff amount X sediment concentration
in runoff water/100. Tjomax 1s the maximum 10-min interval rainfall intensity. *** Positive correlation at
the P <0.01 level; ** positive correlation at the P < 0.05 level; * positive correlation at the P <0.1 level.

To clarify further how well the selected independent variables and coverage status

interacted with runoff generation, multiple regression model was carried out using the

equation (2). According to the results shown in Table 3.4, in minor rainy seasons, it was

notable that VW Cinitial Was usually appropriate as an explanatory variable, in addition to

Liomax and/or R, except for BA. A total of 60 % of the variance in runoff volume was
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explained by the R and I1omax Of the rainfall events, while in FC, the liomax and VW Cinitial
of rainfall events explained 59 % of the variance in runoff volume. The Iiomax, R, and
VWCinial values of rainfall events explained 72 and 73 % of the variance in the runoff
volume in AC and CAl, respectively. The cumulative R? of the selected variables in AC
and CAI were higher than those from BA and indicated higher risks of runoff generation
if conditions were initially wetter.

In contrast, in major rainy seasons, VWCiniia Was not suitable as an explanatory
variable during the stepwise regression for cropping treatments, and 48, 51, and 44 % of
the variance in runoff could be explained by the R and I omax of rainfall events in FC, AC,
and CAl, respectively. In BA, 70 % of the variance was explained by the VWCipitial, R,
and Tjomax Of rainfall events. The reduction in the cumulative R? of selected variables in
the major rainy season for cropping treatments indicated that the coverage status strongly
impacted runoff generation.
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Figure 3.10. Comparison of runoff volume recalculated based on the logarithm of rainfall
and those calculated by the regression equation in the four treatments in 2017.

To test the applicability of the regression models, we compared the runoff volume

that was calculated by the regression equation (2) and that measured actually after
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logarithmic transformation for each of the plots. According to these figures, there is a
bias that the equations tended to underestimate the runoff volume when it was high and
the opposite trend was found when it was low, in spite of apparent high values of R>.
Hence, this approach could be applied only for estimating possible factors but may have
a limitation for simulating actual runoff volumes (Figure 3.10).

To summarize, the results of regression model analysis of surface runoff partly
proved the contribution of the Hortonian mechanism (infiltration-excess runoff) in runoff
generation. During the experimental period, the factors that determined runoff generation
in all treatments were the rainfall volume and Iiomax. In addition, VW Cinitiat Was often a
driving factor for outcome variables in the cultivated plots during the minor rainy season.
The higher the liomax, the greater the rainfall event, and the wetter the VWCiyisial at the
surface layer, the more runoff will be generated. Furthermore, coverage status, by
decreasing the effects of environmental factors, had a substantial impact on runoff

generation.
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Table 3.4. Multiple stepwise regression of runoff amount using log(rainfall)!, Iiomax, and initial VWC as
explanatory variables

Treatments Variables Whole rainy season Minor rainy season Major rainy season
Coefficient P-value Coefficient  P-value Coefficient  P-value

FC n=192 n=100 n=92
Constant -0.28 -0.23 —0.18
log(Rainfall) 0.12 1.2E-05 0.2 1.2E-07
L1 omax 0.023 3.9E-11 0.032 5.1E-19 0.012 0.029
Initial VWC 041 7.7E-04 0.55 1.4E-03
Cum. R? 0.53 0.59 0.48

BA n=193 n=96 n=97
Constant -0.52 -0.17 —-0.73
log(Rainfall) 0.38 3.3E-20 026 3.3E-20 039 4.0E-12
L1 omax 0.016 1.0E-03 0.018 1.0E-03 0.032  7.5E-05
Initial VWC 0.70 1.1E-04 1.16 1.5E-05
Cum. R? 0.62 0.6 0.7

AC n=195 n=94 n=101
Constant —0.36 -0.29 —0.24
log(Rainfall) 021 3.3E-11 0.16 5.6E-05 0.27 2.2E-08
Tiomax 0.024 6.5E-10 0.025  5.9E-09 0.02 4.3E-03
Initial VWC 0.43  6.4E-03 042 8.3E-03
Cum. R? 0.59 0.72 0.51

CAI n=196 n=97 n=99
Constant —0.36 -0.34 —0.19
log(Rainfall) 0.17 2.2E-07 0.15 1.0E-03 0.23 1.7E-06
Tiomax 0.031 5.7E-14 0.034 3.1E-12 0.017 0.012
Initial VWC 0.52  7.7E-03 0.55 0.01
Cum. R? 0.58 0.73 0.44

'The rainfall amount was log transformed to restore normality. The runoff amount was recalculated using
the following equation: runoff amount = log(rainfall) x runoff coefficient of rainfall event/100.

3.4.2. Impact of environmental factors on soil loss

Many studies have shown that in tropical regions where annual average precipitation is
often over 2500 mm, heavy rains and/or squalls are the main factors determining water
erosion (Hamanaka et al., 2014). Rainfall intensity, rain duration, and raindrop energy

are the drivers forcing the degree of soil loss (Romkens et al., 2002). The results shown
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in Table 3.2 and Figure 3.4 indicate that higher rainfall event intensity correlated with

greater severe soil sediment loss in all treatments.

Water erosion progresses through the following stages: soil aggregates are broken
apart by energy from raindrops and soil fractions are detached from the ground,
transported by surface runoff, and deposited downhill (Kinnel, 2006; Matsumoto et al.,
2016). Water erosion not only requires the detachment of soil fractions via high-energy
rain drops but a high volume of surface runoff for transporting the loose components.
This theoretical perspective was validated in our experiment. Analyzing the daily and
cumulative soil loss across the four treatments indicated that soil loss from events during
the later parts of the 2017 and 2018 minor rainy seasons and the 2018 major rainy season
were low despite heavy rains (Figures 3.4, and 3.7).

Pearson’s correlation between soil loss volume and environmental parameters
indicated that soil loss was positively correlated with Iiomax, log(rainfall), and runoff
volume generated during rainfall events in all treatments (P < 0.01). A statistical
correlation between soil loss and initial VWC was only found in BA, and statistically
negative correlations between soil loss and rainfall duration were found in the cropping
treatments. In addition, log(rainfall), runoff volume, and Iiomax Were strongly correlated
with each other (P < 0.01) (Table 3.3).

Table 3.5 shows the results of stepwise regression for the whole year, major, and
minor rainy seasons separately. In the minor rainy seasons, liomax Was rejected for all
treatments, and only the ROyoume Was selected as an explanatory variable for soil loss. A
total of 67, 59, 55, and 59 % of the variance in soil loss was explained solely by the
ROyoume at FC, BA, AC, and CAI, respectively. In major rainy seasons, the contribution
of Tiomax Was definitive, with an accessory impact from ROyoume. In AC, the ROyorume Was
rejected as an explanatory variable, and 36 % of the variance in soil loss was explained
only by lLiomax. A total of 48, 57, and 36 % of the variance in soil loss was explained by
L10max and ROyomme in FC, BA, and CALI, respectively. The reduction in the cumulative R?
of selected variables occurred in major rainy seasons for cropping treatments but not for
bare land, and the cumulative R? values of selected variables in AC and CAI were much
lower than those in FC and BA, indicating how effectively the coverage status reduced
soil loss.

To test the applicability of the regression models, we compared the soil loss

volume that was calculated by the regression equation (3) and that measured actually
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after logarithmic transformation for each of the plots. Like in the model equations for
runoff volume, a similar bias was observed for the equations for soil loss, though data is

not presented here, indicating the limitation of this approach.

Table 3.5. Multiple stepwise regression of soil loss using Iiomax and runoff amount! as explanatory

variables
Treatments Variables Whole rainy season Minor rainy season Major rainy season
Coefficient P-value Coefficient  P-value Coefficient  P-value

FC n=192 n=100 n=92
Constant —0.001 0.001 —0.004
L0 max 0.002 0.025 0.003 1.2E-09
Runoff amount 0.16 3.9E-13 0.31 1.5E25 0.03 8.4E-03
Cum. R? 0.45 0.67 0.48

BA n=193 n=96 n=97
Constant —0.002 0.002 —0.004
L0 max 0.01 4.2E-09 0.01 1.0E-10
Runoff amount 0.1 1.1E-07 0.33 4.8E-20 0.04 9.0E-03
Cum. R? 0.46 0.59 0.57

AC n=195 n=94 n=101
Constant —0.002 0.003 -0.004
L0 max 0.005 2.8E-05 0.005 2.9E-11
Runoff amount 0.09 5.4E-05 0.3 1.1E-17
Cum. R? 0.35 0.55 0.36

CAl n=196 n=97 n=99
Constant —-0.001 0.003 —0.005
L0 max 0.004 5.1E-03 0.005  9.7E-06
Runoff amount 0.14 1.2E-09 0.27  6.0E-20 0.04 0.03
Cum. R? 0.42 0.59 0.36

The rainfall amount was log transformed to restore normality. 'The runoff amount was recalculated by
using the following equation: runoff amount = log(rainfall) x runoff coefficient of rainfall event/100. Soil
loss was recalculated by applying the following equation: soil loss = runoff amount x sediment
concentration in runoff water/100.

During the experimental period, the rainfall duration did not have an impact, and
the runoff volume and liomax Were the primary factors controlling soil loss in all
treatments. The coverage status strongly affected soil loss. During the minor rainy
seasons, the driving force of soil loss might be the volume of runoff generated during
rainfall events. In contrast, in the major rainy seasons, liomax Was the main factor

controlling soil loss in all treatments.
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3.4.3. Comparison of our findings to previous studies

Previous studies that applied the same experimental settings have been undertaken in
northern Thailand (Funakawa et al., 2007), Tanzania (Nishigaki et al., 2016), and
Cameroon (Nishigaki et al., 2016). Similar to our findings, these studies reported that
runoff generation was limited and water quickly infiltrated into deeper layers when the
initial VWC of the top layer was low. The Ks of the soil layers play an important role in
runoff generation. Furthermore, rainfall intensity is the main factor controlling soil loss.
Our results are considered to confirm several past achievements obtained by different
approaches as well. For example, Dunin (1976, cited from Cerda, 1998) reported that
higher soil moisture content caused lower infiltration rates and higher runoff generation.
The runoff coefficients were higher in the wet seasons and low in the summer when the
catchments became dryer (Merz and Bloschl, 2009). Rainfall intensity is one of the main
factors that trigger runoff and water erosion generation (Mathys et al., 2005; Abu

Hammad et al., 2006, Hao et al., 2018).

In addition, we found that crop cover had a substantial influence on soil loss and
runoff generation, and the seasonal changes in soil erosion mechanisms were significant.
Indeed, in the minor rainy seasons, when the coverage area was unremarkable, the
portion of heavy rain was vigorous, and the fluctuation in soil moisture was significant,
the integrated impact of l1omax and/or rainfall volume and initial VWC activated surface
runoff. Soil loss occurred only if the runoff was powerfully generated. In the major rainy
seasons, the soil was mostly in wet conditions, with high clay content that caused the soil
surface to be very sticky and plastic, and the percolation rate of water was limited. Hence,
most of the rainfall could run off. Furthermore, the I;omax 0f most rainfall events was low.
Soil aggregates were only slightly disrupted, and only a small volume of sediment was

detached from the soil surface. Thus, soil loss was generated only if the I1omax Was high.

3.4.4. Recommendation for local farmers to decrease soil erosion loss

According to our findings, there were two periods of the year during which a high risk
of soil loss was observed. The first lasted from the middle of April to the end of May,
when the heavy rains were concentrated and while the coverage of crop was trivial. The
second was the typhoon season from the end of October to the end of November, during

which time the soil surface was vulnerable to erosion after cassava harvesting. In contrast,
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the lowest risk of soil loss was observed between the middle of December and the end

of February, when rainfall comprised light rain and drizzle events.

In terms of cropping management, early cassava planting in February had the
advantage of decreasing the risk of surface runoff and soil loss relative to April planting,
while acacia intercropping was not effective in the initial year of cropping. To understand
the practical effects of intercropping, it is necessary to monitor field conditions for at
least two to three years.

To reduce the soil loss rate, we recommend two optional modifications: 1) an
effective utilization of plant materials as mulch either after weeding or harvesting, to
increase the soil surface coverage at the start of the new cropping season or after
harvesting, respectively; and 2) re-arranging the cropping calendar to bring cassava

seeding forward or delay harvesting.

3.5. Conclusion

Our research has shown that tropical storms strongly affect the rainfall regime of sloping
croplands in Thua Thien Hue province, Central Vietnam. Using the short-term water
budget in a small scale plot, the processes and mechanisms of runoff generation and soil
loss could have been successfully analyzed. Although the coverage status strongly
impacted surface runoff and soil loss, the mechanisms of accelerated runoff generation
and water erosion on agricultural land in A Luoi district, Thua Thien Hue Province, were
different in minor and major rainy seasons; in minor rainy seasons, in addition to Ijomax
and/or rainfall volume, VWCiuiia Was the primary factor controlling runoff generation.
The volume of soil loss was driven by the volume of runoff generated during rainfall
events. However, in the major rainy seasons, rainfall volume and liomax Were decisive
factors for runoff generation, and liomax Was the key factor controlling soil loss. To
decrease the risk of surface runoff and soil loss, plant materials should be effectively
utilized as mulch either after weeding or harvesting during high-risk periods, and the
farming calendar should be re-arranging to bring forward cassava planting or postpone

harvesting.
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Chapter 4

Water erosion mitigation practices in the agricultural highlands of Thua

Thien Hue province

4.1. General

Water erosion caused by heavy rainstorms and surface runoff is a serious issue in
agricultural highlands globally (Coppin and Richards, 1990), but especially in
developing countries in tropical and subtropical regions (Lal, 2001). The loss of topsoil,
which contains the highest levels of nutrients and organic matter, during the erosion
process (Polyakov and Lai, 2008) decreases on-site soil productivity and increases the
amount of sediment and other pollutants in the off-site receiving water (Segarra et al.,
1991; Lal, 2001; Zhu et al., 2013). Consequently, there is an economic cost associated
with enhancing soil productivity and an environmental cost in managing the sediment
contamination and pollution of surface waters (Pennock, 2019).

Many practical techniques, such as minimizing changes in land use, eliminating
or reducing tillage, and maintaining a sufficient coverage area, have been applied to
mitigate water erosion (Pennock, 2019). One of the most efficient techniques is residue
mulching (Mostaghini et al., 1994). Many studies have reported that applying residue
mulch maintains and protects the soil and increases soil health (Armbrust and Jackson,
1977). Organic mulch protects the soil surface against the detachment force of rain, stops
the spreading out of runoff, and decreases the runoff rate (Wishmeir, 1973; Cerda et al.,
2016).

To manage water erosion in Vietnam, scientists have suggested many practical
techniques, such as planting trees along contour lines, planting trees in ditches (e.g., tea,
sugarcane, pineapple); planting trees in holes (e.g., coffee, rubber, citrus, avocado),
covering the soil with green manure plants, rice straw, sugarcane leaves, grass residue,
polyethylene, or rootstock; plowing and weeding along contour lines; crop rotation,
intercropping, and overlapping crops; arranging appropriate planting and harvesting
times; using a sloping land-farming model; and minimal farming (Nguyen and Thai,
1999). The most feasible practice should be, however, based on specific rainfall,

topographical, and soil conditions in the targeted area.
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Thua Thien Hue Province is located in the central part of Vietnam and is
characterized by a unique climatic condition with quite high rainfall due to frequent
typhoon attacks during September to December. Mountainous ethnic minorities inhabit
the highland area of the province with minimal application of modern agriculture. For
stabilizing and developing their livelihood, finding appropriate agricultural land
management that could mitigate soil erosion risk is an urgent issue.

To clarify the site-specific conditions in rainfall and soil characteristics that
contribute to the processes generating surface runoff and soil erosion and apply the
results obtained to make recommendations that will decrease soil erosion risks at local
farmers’ practices, we carried out a series of field measurements. The results of our
previous study indicate that there is insufficient coverage area in the initial stage after
planting cassava and after harvesting, which causes soil loss and runoff after heavy
rainfall events. Intercropping with cassava and Acacia did not significantly affect water
erosion in the first year (Le et al., 2022). The present study was conducted to provide
better recommendations for local farmers and the government regarding water erosion

mitigation by the intercropping and surface mulching in sloping croplands.

4.2. Material and Methods

4.2.1. Description of the research area

This study was conducted in the Nham Commune, which is located at 16°1343"N,
107°1059"E, in the A Luoi District, Thua Thien Hue Province, Vietnam. Four ethnic
minority groups make up more than 90% of the total population of this district. The
agricultural land is located mainly on steep slopes (mostly with an incline greater than
20°), with an elevation of 600-800 m above sea level. The study location is in a tropical
monsoon climate zone, with an average annual rainfall of 3,808 mm and an average air
temperature of 21.7 °C over the previous 30 years. The major wet season occurs from
August to December, with the majority of the rainfall occurring in October and

November. The minor wet season occurs from March to July.

The soil in the study site is derived mainly from sedimentary rock and/or felsic
igneous rock (i.e., granite and rhyolite); hence, it was strongly acidic and classified as
Ferralic Acrisols (almost) or Dystric Cambisols, according to the FAO-UNESCO soil

classification system (Thua Thien Hue People’s Committee, 2005). The average land
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area per capita used for agricultural production is 1,240 m? in the A Luoi District and
2,714 m? in the Nham Commune.

The livelihood of the ethnic groups in the A Luoi District involves traditional
economic activities, such as cultivation, animal husbandry, natural exploitation,
handicrafts, and exchanging and/or selling products at local markets. For these groups,
the cultivation of food crops (mainly paddy rice, upland rice, cassava, and maize) is the
main livelihood. They follow traditional slash-and-burn cultivation techniques, which
usually involve nomadic farming. However, from the 1980s to the present day, the people
of this region cultivate two paddy rice crops. The first crop, which is grown from
February to May, is known as one-fifth-month (winter-spring) rice, and the second crop,
which is grown from June to September, is known as tenth-month (summer-autumn) rice.
One upland rice crop is also grown from May to November. Maize is planted as a mono-
crop or intercropped with upland rice. Cassava is grown as a mono-crop from February
to October and from April to November, or intercropped with Acacia. The farming tools
used in this region consist of large knives, diggers, rakes, and prick-hole sticks.

To obtain new fields, people residing in the highlands destroy (slash and burn)
both primary and secondary forests. These fields are then used for 1-3 crops, followed
by 3-7 years of lying fallow depending on their fertility status. The success of the crops
mostly depends on the natural conditions of the land as the local people do not usually
apply fertilizers or maintain their crops (Ha and Hoang, 2012). Animals, such as buffalo,
cattle, and goats, are grazed in the forest, whereas pigs and poultry are kept inside
gardens. Animals are raised to worship their gods , supply meat for personal consumption,
and sell at the market. The animals are not used to working on the farms or providing

manurc.

4.2.2. Experimental design

In the previous study (Le et al., 2022), to clarify which environmental factors affect
runoff generation and soil loss under the specific climatic and soil conditions in the study
area, we analyzed the short-term water budget for almost two consecutive years (2017
to 2018) after preparing new cropping fields in February 2017, using small-scale runoff
plots with the following three treatments: a bare land (BA) plot, an April cassava (AC)
plot, and April cassava + September Acacia intercropping (CAl) plot, the last of which

was installed to understand the effect of cassava and Acacia intercropping on water
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erosion mitigation. Runoff and soil loss, the runoff coefficient, and sediment
concentration were monitored in these plots. In the present study, to investigate the
impact of mulching on soil erosion, in addition to tracing the effects of the intercropping
after two years, two new treatments, mulching (MC) and non-mulching (NMC), were set
up on April 30, 2018, in addition to the AC plot, which was opened at 14 months ago.
Each treatment had two replicates. The plot size was 0.8 m wide x 2.4 m long, which
was large enough to exclude microtopography that may affect runoff dynamics
(Funakawa et al., 2007). The experimental monitoring period lasted from May 1, 2018,
to November 30, 2019, and included two cassava crops and one fallow period. In the AC,
CAI, MC, and NMC plots, cassava was planted on May 1 and harvested on November
30 in 2018 and 2019. Acacia was planted on September 5, 2017, in the CAI plots. The
fallow period lasted from December 1, 2018, to April 30, 2019. At the beginning of the
new crop, after seeding the cassava, 10 Mg ha™ ! of air-dried Imperata cylindrica leaves
that were 25 cm long and 1 cm wide was applied to each MC plot (Figure 4.1). The soil
surface within all plots was kept free of weeds throughout the experimental period.
Weeding was performed once every 2 weeks to ensure that the percentage of weed
coverage was less than 5%. The proportion of soil covered by grass mulching was 100%
when the new crops were first planted, and this was continuously reduced to
approximately zero after the cassava was harvested. The maximum soil coverage by the
2018 and 2019 cassava crops was 65% and 60%, respectively. Acacia plants were 1 m
high when they were 8 months old at the beginning of the experiment and 3.5 m high,

with a closed canopy, when they were 27 months old at the end of the experiment.

The plots were enclosed with non-erodible aluminum sheets after clearing natural
vegetation. The BA, AC, and CAI plots were on a slope ranging from 11.7° to 17°. The
MC and NMC plots were on a slope ranging from 9° to 11°. Each plot had one large
bucket (60 L) that was used to collect runoff water and sediment. A tipping bucket rain
gauge (TES25MM; Texas Electronics, Dallas, TX, USA) was used to record rainfall. A
CS215 sensor was used to record the atmospheric temperature. All sensors were
connected to a CR1000 data logger (Campbell Scientific, Inc., Logan, UT, USA).
Rainfall data were recorded every 10 min, while atmospheric temperature data were

recorded every 30 min.
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Figure 4.1. Soil properties and experimental setting.

4.2.3. Rainfall and runoff analyses
An event was recorded when it was flanked by a rainless period of longer duration. If the
adjacent no-rain period was shorter than the rain period, it was incorporated into the rain

event. Dry periods with a duration < 1 h were always included within a major event,
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whereas dry periods > 6 h were always separated into two events (Veneziano and Lepore,

2012).

The wet season consisted of two parts: the minor wet season, from the end of
February to the end of July, and the major wet season, from August to the end of
December. The average intensity of the rainfall events was calculated as Iins, which was
defined as the ratio of the total amount of rainfall to the duration of the rain event. The
maximum rainfall intensity was denoted as Iio, which was calculated based on the
amount of rainfall measured at 10 min intervals. Rain showers were classified as “light,”
“moderate,” or “heavy” when the rates were approximately 0 to 0.25 cm h!, 0.26 to 0.76
cm h!, or greater than 0.76 cm h!, respectively (Linsley, 1977). Runoff water trapped in
the 60 L buckets was collected every 2 weeks, or when the volume of runoff water was
approximately 2/3 of the bucket volume, and was weighed and then converted to depth

units.

4.2.4. Soil properties and sediment collection

The soil texture in the study area was characterized as clay type, based on the United
States Department of Agriculture guidelines. The soil particle content in the surface layer
consisted of 14.6% sand, 36.1% silt, and 49.3% clay. The bulk density ranged from 1.03
Mg m™ at the surface layer to 1.24 Mg m™ at a soil depth greater than 40 cm. The initial
saturated hydraulic conductivity varied from 0.2 mm h™!' at the 40-45 cm depth layer to
7.3 x 10> mm h™! at the top layer. Soil sediment particles trapped in the 60 L buckets were
collected every 2 weeks, or when the volume of runoff water was approximately 2/3 of

the bucket volume, and were air-dried and then weighed.

4.2.5. Data analysis

The sediment concentration in the surface runoff water was calculated based on the total
amount of sediment and the total amount of runoft collected in the 60 L buckets over the
same period. A two-factor ANOVA with replication and Tukey’s honestly significant
difference test (HSD, a = 0.05) were used to evaluate the impact of mulching and
intercropping on water erosion mitigation. All statistical analyses were performed using

Microsoft Excel software.
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4.3. Results

4.3.1. Rainfall characteristics

Because of these errors that happened to the tipping bucket rain gauge and air
temperature sensors, rainfall and air temperature monitoring ended on August 31, 2019.
Significant differences in the amount of monthly rainfall and the average air temperature
were observed. In comparison, the amount of rainfall during the first 8§ months in 2019
was less than half of the amount of rainfall during the first 8 months of 2018. The
monthly average air temperature was 2.3 to 5.1 °C higher in 2019 than in 2018 (Figure
4.2). El Nifio was the reason for the significant differences in rainfall and air temperature
regime in the study site between the two consecutive years. According to Thua Thien
Hue Provincial People's Committee (2021), El Nifio phenomenon occurs frequently and
has caused severe droughts in Thua Thien Hue province. Severe droughts caused by El
Nifio occurred in 1977, 1993-1994, 1997-1998, 2012, 2014 - 2016, and 2019. In 2019,
El Nino caused a prolonged drought and appeared even during the major rainy season in

Thua Thien Hue province.
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Figure 4.2. Monthly rainfall and temperature from January 2018 to August 2019.

However, it should be noted that quite high precipitation was occasionally
recorded from September to December due to typhoon attacks. A considerable amount
of rainfall is brought even during the dry season from January to March. The rainy season
in Thua Thien Hue varies significantly from year to year, in terms of the start time, peak

month and the ending time. The rainy season can range from 4 to 6 months. Precipitation
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is one of the most variable climatic factors in space and time. The total annual rainfall
may differ from the average one by 600-800 mm depending on the region, equivalent to
a coefficient of variation of 23-25%. Between a year with a lot of rain and a year with
little rain, the total annual rainfall can vary from 2 to 3 times (Thua Thien Hue Provincial

People's Committee, 2021).
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Figure 4.3. Rainfall events with different average rainfall intensities during the
experimental period.

During the monitoring period, 110 rain events, including 24, 36, and 50 events
that were classified as heavy, moderate, and light rain, respectively, accounted for 94%
of the rainfall volume observed (the remaining events were drizzle events). In the 2018
crop season, 70 rainfall events occurred, with a total rainfall of 1,014 mm. There were
23 rainfall events, with a total of 306 mm of rainfall, observed in the fallow period from
December 1, 2018, to April 30, 2019. In the 2019 crop seasons, only 17 events, with a
total rainfall amount of 251 mm, were recorded. The results of the Iins classification
indicated that heavy rain events were distributed mainly at the beginning of the crop
season (May 2018 and 2019) and the end of the fallow period, whereas light rain events
occurred mostly in the fallow period and the late part of the 2018 crop season. Moderate
rain events were evenly distributed throughout the 2018 and 2019 crop seasons (Figure

4.3).
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Figure 4.4. Daily rainfall and maximum 10-min intervals of rainfall intensity during the
experimental period.

The largest events observed in the fallow periods of the 2018 and 2019 crop
seasons were 57.2 mm over 23 h on December 9-10, 2018; 77.8 mm over 24 h on
November 22-23, 2018; and 68.2 mm over 28 h on July 2-3, 2019 (Figure 4.3). The
Liomax values recorded in the fallow periods of the 2018 and 2019 crop seasons were 10.7
mm on April 29, 2019; 10.3 mm on May 13, 2018; and 12.2 mm on May 21, 2019 (Figure
4.4).

4.3.2. Runoff, soil loss amount, and sediment concentration in runoff water

The rainfall properties, runoff amount, soil losses, runoff coefficients, and sediment
concentrations in runoff water during the experimental period are shown in Table 4.1.
The differences in the runoff amount, soil loss amount, and sediment concentration were
significant among the plots. The crop cover in the AC (second year) and NMC (first year)
plots similarly reduced the runoff volume by 17% despite the difference in the period
after opening these fields; the quantity of mulch in the MC plot reduced the runoff
volume by 26.7%; and the extensive coverage area generated from the outstanding
growth of the Acacia from the second year reduced the runoff volume by 41%, compared
with the data from the BA plots. The increased coverage area of the crops and grass

mulching in the AC, NMC and CAI, and MC plots reduced the soil loss by 24.1%, 41.2%,
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and 78.7%, respectively, compared with the soil loss in the BA plots. There were no
differences in sediment concentrations among the AC, CAI, and NMC plots. Grass
mulching reduced the sediment concentration in the runoff water by 69% in the MC plot

compared to the BA plots.
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Figure 4.5. Cumulative soil loss and runoff for the five treatments.

Figure 4.5 shows the cumulative runoff (a) and soil loss (b) during the
experimental period. In all treatments, substantial runoff and soil loss occurred when a
series of heavy rains came during the beginning of the 2018 crop season (May 2018), the
final part of the fallow period, and the beginning of the 2019 crop season (May 1 to June
8,2019). In the BA, AC, CAI, and NMC plots, the maximum soil losses recorded in the
period from May 14 to 20, 2018, were 14.6, 15.3, 14.6, and 7.7 Mg ha !, respectively.
In contrast, the greatest soil loss of 3.5 Mg ha! in the MC plot was recorded in the final
part of the fallow period (from April 2 to May 1, 2019) when heavy rains came and the
grass mulching had completely decayed. In the BA, AC, and CAI plots, the highest
accumulated runoff occurred during the period from May 30 to June 8, 2019, when a
series of three heavy and two moderate rain events occurred. The NMC and MC plots
achieved their highest accumulated runoff in the period from May 14-20, 2018, when a
series of three heavy rain events produced 74.8 mm of rain, when the soil surface on the
plots was disturbed for setting and seeding.

Before June 7, 2018, there were no differences in cumulative runoff among the
treatments. The runoff accumulated much faster in the BA plot than in the other plots.
Since September 8, 2018, when the Acacia was in its second year, the cumulative runoff
rate in the CAI plot began slowing down significantly. During the fallow period,
especially between December 29, 2018, and April 2, 2019, the cumulative runoff rate
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did not differ among treatments due to negligible rainfall. One month later (June 8§, 2019),
the cumulative runoff rate in the MC plot decreased below the cumulative runoff rate of
the AC and NMC plots (Figure 4.5a).

In the 2018 crop season, because the crops were arranged at lower slope locations,
the cumulative soil loss rates in the NMC plot, and especially in the MC plot
(combination effect of mulching and lower slope location), were much lower than those
in the BA, AC, and CAl plots. Differences in soil loss accumulation rates among the BA,
AC, and CAI plots were not observed until September 9, 2018. Then, the accumulation
rate in the BA plot became greater than the accumulation rate in the AC and CAI plots.
During the fallow period, there was no difference in the soil loss accumulation rate
among the treatments due to negligible rainfall. When the 2019 crop season began, the
cumulative soil loss rate was stable in the BA, AC, and MC plots, but became faster in
the NMC plot, and markedly slower in the CAI plot. In the CAI plot, the soil loss
accumulated slowly from the beginning of the 2019 crop season because of the more
extensive coverage area produced by the 21-month-old Acacia (Figure 4.5b).

A two-way ANOVA with replication showed that the differences in soil losses,
runoff volumes, runoff coefficients, and sediment concentrations among treatments and
periods were statistically significant. Tukey’s HSD test (a = 0.05) indicated that the
amount of runoff and soil loss and the sediment concentration were significantly lower
in the cropping treatments than in the bare land. The amount of runoff generated during
the experimental period and the runoff coefficient in the CAI plot were significantly
lower than those in the other treatment plots. Moreover, the amount of soil loss and the
sediment concentration in runoff water in the MC plot were significantly lower than
those in the other treatment plots. There were no differences in the amount of runoff or
the runoff coefficients among the AC, NMC, and MC plots. There were no differences
in the runoff coefficients among the BA, AC, and NMC plots. A significantly greater
amount of soil loss and a higher sediment concentration were observed during the fallow
period compared with the crop season, only in the MC plot. The runoff coefficient was

significantly higher in the early crop season than in the fallow period (Table 4.1).
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Table 4.1. Rainfall characteristics and differences among treatments in the amount of
runoff and soil loss, runoff coefficients, and sediment concentration in surface runoff

water.
Treatment Period Total Rainfall Total Total soil Runoff Sediment
rainfall events runoff loss Coefficient concentration
(mm) (mm) (Mg ha™) (%) (gL
A B C 100 x B/A 100 x C/B
« 2018 early crops season 437.1 32 100.9a 28.8a 23.1a 28.5b
1" Bare land (18 [ate crops season 622.8 38 137.7a 13.5d 22.1a 9.8d
-BA Fallow period 3442 23 26.9¢ 5.9¢ 7.8b 21.8¢
2019 early crops season 2329 15 55.7b 22.4b 23.9a 40.2a
2019 late crops season 34.6* 2 60.5b 16.4c - 27.1bc
Total 1671.6 110 381.7A 86.9A
Average 19.2A 25.5A
204 April 2018 early crops season 90.8a 28.6a 20.8b 31.5a
cassava— AC 2018 late crops season 72.2a S.1c 11.6¢ 7.1d
Fallow period 33.2¢ 4.6¢ 9.6¢ 13.8¢c
2019 early crops season 56.3b 14.9b 24.2a 26.4ab
2019 late crops season 61.6b 12.8b - 20.8b
Total 314.2B 66.0B
Average 16.5AB 19.9B
31 April 2018 early crops season 86.4a 30.0a 19.8a 34.7a
cassava — 2018 late crops season 36.2b 3.4c 5.8b 9.3¢c
September Fallow period 20.4c 53¢ 5.9b 25.8b
acacia— CAl 2019 early crops season 41.2b 8.5b 17.7a 20.7b
2019 late crops season 41.0b 3.4c - 8.3¢c
Total 225.2C 50.6C
Average 12.3C 19.8B
4™ Non 2018 early crops season 83.4a 17.4a 19.1b 20.9b
mulching — 2018 late crops season 83.5a 3.1d 13.4c 3.7¢
April cassava  Fallow period 43.6¢ 6.8¢ 12.7¢ 15.7b
- NMC 2019 early crops season 53.0bc 14.4b 22.8a 27.2a
2019 late crops season 54.2b 9.4c - 17.3b
Total 317.8B 51.1C
Average 17.0AB 17.0B
5t Grass 2018 early crops season 84.8a 3.3b 19.4a 3.9¢c
mulching — 2018 late crops season 74.3a 1.6b 11.9¢ 2.2¢
April cassava  Fallow period 42.2b 6.7a 12.3¢ 16.0a
-MC 2019 early crops season 38.8b 3.8b 16.6b 9.9b
2019 late crops season 39.7b 3.1b - 7.8bc
Total 279.8B 18.5D
Average 15.1B 7.9C
HSD0.05-Treatment 9.7 2.74 2.84 5.92
HSDy.05.Period 9.7 2.74 2.66 5.92

Different letters indicate significant differences (P < 0.05) by Tukey’s honestly significant difference test
for two factors with two replicates (different capital letters indicate significant differences among
treatments, whereas different lowercase letters indicate significant differences among periods). * Due to
an error in the rain gauge sensor, the rainfall data during the 2019 crop season did not accurately reflect
the amount of rainfall in September, October, and November, 2019.

4.4. Discussion

4.4.1. Impact of grass mulching on runoff and soil loss mitigation

Water erosion requires the following three processes: soil detachment by energy from
raindrops, transport by surface runoff, and sediment deposition downhill (Kinnell, 2006;
Matsumoto et al., 2016, Pennock, 2019). Mulching, an old technique, was used to
mitigate water erosion and manage soil moisture and temperature. This technique is one
of the practical techniques to develop sustainable agriculture and climate change
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adaptation (Bhanooduth Lalljee, 2013). Many studies have shown that residue mulching
protects the soil surface against the forced invasion of rain drops, stops the spreading of
surface runoff, and promotes the infiltration of rainwater into deeper soil layers, thus
reducing runoff generation (Welle et al., 2006; Babalola et al., 2007; Montenegro et al.,
2013; Donjadee and Tingsanchali, 2016; Nishigaki et al., 2017). Mostaghini et al. (1994)
reported that various types of mulch decrease soil loss by up to 90% compared with soil
loss in bare land. Donjadee and Tingsanchali (2016) reported that applying a rice straw
at 5 Mg ha'! reduces runoff and soil loss by 52.5% and 62.9%, respectively, compared
to bare land. Nishigaki et al. (2017) reported that there was no difference in the amount
of runoff, but more than half of the soil loss was mitigated by grass mulching in

comparison with bare land.

In this study, statistically significant differences in the amount of runoff and soil
loss, the runoff coefficient, and the sediment concentration in runoff water indicated that
grass mulching might be effective at mitigating runoff and soil loss. However, mulch
application had a greater impact on soil loss than on runoff generation. Indeed, applying
air-dried Imperata cylindrica grass residue at 10 Mg ha! per crop season to a cassava
plantation area reduced the runoff and soil loss by 26.7% and 78.7%, respectively,
compared to bare land. Moreover, mulching reduced the sediment concentration in
runoff water by 69% compared to bare land, indicating the superior ability of mulch to
protect the soil surface against the detachment force generated by rain drops.

Although the erosion-mitigating effect of mulching was thus significant, it should
be noted that such effect noticeably decreased due to the complete decay of grass
mulching during the later fallow period, in which there still is a considerable amount of

rainfall.

4.4.2. Practical effects of Acacia and cassava intercropping on water erosion mitigation
In Vietnam, intercropping is a useful practical technique to mitigate water erosion on
sloping crop land. Crops that are usually intercropped with the main crop are peanuts,
maize, upland rice, coffee, tea, and Acacia (Nguyen and Thai, 1998; Howeler and Aye,

2014; Huynh et al., 2020). In this study, Acacia was intercropped with cassava.

In a previous study, we reported that, in the first year, the cassava + Acacia
intercropping system was not effective at mitigating water erosion (Le et al., 2022). In

this study, water erosion monitoring began 8 months after the Acacia was planted and
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ended when the plants were 27 months old. The growth of the Acacia plants in the second
and third years had a significant effect on runoff and soil loss mitigation. Compared to
bare land, the intercropping system reduced the amount of runoff, the amount of soil loss,
the runoff coefficient, and the sediment concentration in runoff water by 41%, 41.2%,
36%, and 22.3%, respectively. The greatest reduction in the amount of runoff and the
runoff coefficient (73.7%) were recorded in the late part of the 2018 crop season. At the
beginning of the 2019 crop season, when the Acacia canopy was closed, the combined
impact of cassava and Acacia growth reduced the amount of soil loss by 69.3% and the
sediment concentration in runoff water by 56.5%, compared to bare land. These findings
indicated that, from the second year, intercropping of cassava + Acacia mitigated runoff
and soil loss. However, these practical techniques only showed a significant impact on
water erosion mitigation if the Acacia canopy was closed. It would be recommended to
additionally incorporate the mulching treatment in the early stage of Acacia growth when

applying this intercropping management.

4.5. Conclusions

We found that grass mulching and intercropping had a significant impact on water
erosion mitigation under the specific climatic and soil conditions of this area. Applying
air-dried grass mulch at the time of cassava seeding in early May at a rate of 10 Mg ha’!
per year to sloping cropland under 11° mitigated more than a quarter of the runoff and
three-quarters of the soil loss compared to bare land. The intercropping of cassava and
Acacia reduced the amount of runoff and soil loss by more than two-fifths compared to
bare land after canopy closing in the second year. However, we must keep in mind that
when the mulch had completely decayed, a high risk of water erosion occurred in the
mulching plots during the fallow period after harvest. To increase the efficiency of these
practical techniques for water erosion mitigation, grass residue should be applied at the
same rate twice, once after seeding and again after harvesting. Grass mulching should
also be applied to the intercropping system once or twice until the Acacia canopy is

closed.
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Chapter 5

General discussion

5.1. Water erosion generation on sloping cropland in A Luoi district, Thua Thien

Hue province, Central Vietnam

Applying a short-term water budget approach has well investigated the mechanism of
water erosion on mountainous sloping cropland in A Luoi district, Thua Thien Hue
province, Central Vietnam. I found that tropical storms strongly affected the rainfall
regime; the rainfall is unevenly distributed in major and minor rainy seasons; hence, the
soil moisture content intensely fluctuated in the minor rainy seasons but was usually wet
in the major seasons.

Similar to the general theoretical perspective of the water erosion mechanism
stated in previous studies (Kinnel, 2006; Matsumoto et al., 2016), the process happened
on the research site not only requires the detachment of soil fractions via high-energy
raindrops but a high volume of surface runoff for transporting the loose components. In
my study, the water erosion occurred intensely after heavy rain events came or/and runoff
generated powerfully. In addition, the unbalance in seasonal rainfall distribution, the
seasonal fluctuation of soil moisture content, and the spatio-temporal difference in
vegetation coverage cause significant changes in the water erosion mechanisms. In the
minor rainy seasons (which lasted from March to July), when the crop cover area was
unremarkable, the portion of heavy rain was vigorous, and the fluctuation in soil moisture
was significant, the integrated impact of maximum rainfall intensity (at 10 min intervals)
and/or rainfall volume and initial volumetric water content activated surface runoff. Soil
loss occurred only if the runoff was powerfully generated. In the major rainy seasons
(which occurred from August to December), the soil was mostly in wet conditions, with
high clay content that caused the soil surface to be very sticky and plastic, and the
percolation rate of water was limited. Hence, most of the rainfall could runoff.
Furthermore, the maximum rainfall intensity (at 10 min intervals) of most rainfall events
was low. Soil aggregates were only slightly disrupted, and only a small volume of
sediment was detached from the soil surface. Thus, soil loss was generated only if the

maximum rainfall intensity (at 10 min intervals) was high (Chapter 3).
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On the other hand, the soil physical characteristics test indicated the importance
of the saturated hydraulic conductivity of soil layers in the relationship with water
erosion generation that is continuous water erosion causes the loss of topsoil and organic
matter, the decline in the size of soil aggregate, and infiltration capacity of the soil layers.
Consequently, the runoff and soil loss generation occurred increasingly seriously

(Chapter 3).

5.2. Water erosion mitigation practices in the agricultural highland, Thua Thien

Hue province, Central Vietnam

In the first study that investigated the mechanisms of water erosion and its seasonal
changes in the research site, I found a high risk of water erosion observed during two
periods of the year. The first lasted from the middle of April to the end of May when a
series of heavy rains came while crop coverage was trivial or the soil surface was
disturbed for beginning the new cassava crops. The second was the typhoon season
which lasted from the end of October to the end of November. During that time, the soil
surface was vulnerable to water erosion after cassava harvesting. Contrarily, the lowest
risk of water erosion occurred between the middle of December and the end of February,
when precipitations were from light rain and drizzle events. In terms of cropping
management, the February — October cassava crop had the advantage of decreasing the
risk of surface runoff and soil loss compared to the April — November cassava crop. The
cassava-acacia intercropping showed less effect on water erosion mitigation in the initial
year of cropping (Chapter 3).

To make specific practical recommendations to local land managers and farmers,
I tested grass mulching, an old practical technique, and monitored the practical effect of
the 2™ and 3™ year cassava-acacia intercropping on water erosion mitigation. Similar to
other previous studies (Welle et al., 2006; Babalola et al., 2007; Montenegro et al., 2013;
Donjadee and Tingsanchali, 2016; Nishigaki et al., 2017), we observed the superior
ability of mulch to mitigate water erosion. This ability could be mulching protects the
soil surface against the forced invasion of raindrops, stops the spreading of surface runoff,
and promotes rainwater infiltration into deeper soil layers, thus reducing runoff and soil

loss generation. However, when the mulch had completely decayed, a high risk of water
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erosion occurred. Besides, the cassava-acacia intercropping showed its significant effect
on water erosion mitigation only the acacia canopy was closed. (Chapter 4).

The research provided useful information on the mechanism of water erosion in
the mountainous sloping cropland, Thua Thien Hue province, Central Vietnam.
Furthermore, the research has successfully tested the usefully and applicably practical
techniques that can efficiently mitigate the water erosion process in the agricultural
highlands of Central Vietnam. From there, the study suggests optional recommendations
as follows:

1) Grass residue should be applied at the same rate of 10 Mg ha™! twice, once
after beginning new crops and again after harvesting;

2) Grass mulching should also be applied to the intercropping system once or
twice until the acacia canopy is closed;

3) Re-arranging the cropping calendar to bring cassava planting forward or delay

harvesting.
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Chapter 6

Conclusion

Central Vietnam is one of three geographical regions of Vietnam where hills and
mountains make up more than 75% of the natural land area of the region, frequently
affected by extreme climates that cause water erosion such as typhoons and tropical
depressions. To clarify which environmental factors affect water erosion generation, and
the seasonal variations in water erosion risks in Central Vietnam, the study analyzed the
short-term water budget of small-scale runoff plots that developed on a slope of the
highland region. Besides, by testing the two classical practical techniques that could
mitigate water erosion, including grass mulching and intercropping, I suggest feasible
and specific practical solutions to the local land managers and farmers to control water
erosion risks.

Tropical storms strongly affect the rainfall regime of sloping croplands in Thua
Thien Hue province, Central Vietnam. The factors that trigger runoff generation are the
maximum rainfall intensity at 10 mins intervals, the rainfall amount, and the initial soil
moisture content of the surface layer. The driving forces that cause soil loss are the
maximum rainfall intensity at 10 min intervals and the runoff amount generated during
rainfall events. The crop coverage and the saturated hydraulic conductivity of soil layers
strongly impacted surface runoff and soil loss generation. Besides, the seasonal
variations in water erosion risks have been clearly observed. All findings have been
thoroughly discussed in chapter 3. On the other hand, the findings through testing the
effectiveness of practical techniques such as grass mulching and intercropping could be

beneficial for water erosion control strategy of local government (chapter 4).
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