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GENERAL INTRODUCTION
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1 General introduction

1.1 Background

In Northern Vietnam, traditional composite swidden agriculture combines swidden agriculture,
also often referred to as shifting cultivation or slash-and-burn agriculture, in the uplands with
permanent paddy rice cultivation in the lowlands (Vien, 2003). Since 1990’s, rapid population
growth, strong economic growth, and changing governmental land use policies have intensified
agricultural production in the mountainous regions of Vietnam converting the traditional
swidden cultivation on steep slopes into a more continuous monocropping system (i.e. maize and
cassava) (Valentin et al., 2008; Ziegler et al., 2009). Characteristic long fallow periods within
swidden agriculture have been reduced significantly or even have become absent (Vien and
Thanh, 1996; Dung et al., 2008). The annual monocropping systems that now are predominant in
the uplands made the soil susceptible to erosion, especially at the onset of the rainy season when
land cover is known to be scarce (Vezina et al., 2006; Pansak et al., 2008). Landscape
fragmentation and biodiversity loss as a result of deforestation, soil degradation due to reduced
fallow periods and associated erosion and runoff have been studied intensively (Ziegler et al.,
2004b; Vezina et al., 2006; Dung et al., 2008; Valentin et al., 2008; Ziegler et al., 2009; Van Do
et al., 2010). Currently more attention is paid to the off-site effects such as flooding, siltation of
irrigation systems and pollution of water bodies at landscape or catchment level (Lantican et al.,
2003; Bruijnzeel, 2004; Gao et al., 2004; Kahl et al., 2008; Lopez -Tarazén et al., 2009).
Deposition and transportation of sediments downstream are depending on the characteristics of
the landscape, water discharge and particle size distribution (Chaplot et al., 2005a; Chaplot et al.,
2005b; Schiettecatte et al., 2008). Therefore, deposited sediments create patterns of spatial
variability in soil fertility downstream of the watershed (Mingzhou et al., 2007). Nevertheless,
the redistribution of sediment associated nutrients downstream and its impact on crop production
are to date not well addressed in research. Especially in intensified paddy systems, the additional
inputs of plant nutrients conveyed by irrigation systems can be important in understanding
spatial variability of rice production in tropical mountainous regions (Lantican et al., 2003;
Mingzhou et al., 2007). Riith and Lennartz (2008) indicated that a part of the spatial variability in
soil properties and crop performance of paddy systems in mountainous regions could be

explained by erosion—sedimentation processes. Therefore, this thesis focused on quantifying the
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sediment associated nutrient loads redistributed through irrigation and its effect on soil spatial

variation and related crop productivity in downstream situated paddy systems.

1.2 Northern Mountainous Region of Vietnam

Vietnam, located in Southeast Asia, has a total surface area of 331,150 km? of which 249,972
km? is agricultural land (General Statistics Office of Vietnam, 2008). The Northern Mountainous
Region (NMR) of Vietnam occupies 95,434 km? and has a population of approximately 12
million people, including 30 ethnic minorities (e.g. H’'Mong, Black and White Thai, Dao, Lo Lo)
(Vien, 2003). According to Vien (2003), NMR can be divided into three altitudinal zones each
with predominant farming systems and associated ethnic groups: (i) high mountainous (> 800 m
a.s.l.) with swidden cultivation, (ii) low mountainous zone (200 - 300 m a.s.l.) with composite
swiddening and (iii) mid-elevation mountainous zone (300 - 800 m a.s.l.) which often combines
elements from farming systems found in the high and low mountainous zones.

National land tenure policies have been an important factor influencing land use change
(Sikor and Truong, 2002; Sikor, 2006; Saint-Macary et al., 2010). The land law of 1988 ended
the collective farming system by allocating the land to private households and was followed by
several land laws in the 1990’s including land reallocation and the issuing of land use certificates
(Saint-Macary et al., 2010). The allocation of permanent fields to households together with the
market pressure caused a strong agricultural intensification of upland fields in the 1990’s (Sikor,
2006). Additionally, due to demographic pressure and resettlement policies, the cultivated land
per person in Northern Vietnam decreased strongly (Wezel et al., 2002b) so that deforestation
followed by slash and burn practices are not uncommon in order to expand the upland
agricultural area (Dung et al., 2008). Moreover, the rapid increase in animal feed demand
throughout the country pushed maize production in Northern Vietnam from 56 10° Mg in 1990
to 212 10° Mg in 2000 (Huan et al., 2002) (Figure 1-1). As a result of the current socio-economic
pressure, the relatively sustainable traditional swidden cultivation in tropical mountainous areas
converted into a more intensive agricultural system with annual cropping systems (e.g. maize)
with short or no fallow periods (Turkelboom et al., 2008; Ziegler et al., 2009).

Furthermore, rice production in the lowland was intensified tremendously over the last

decades. The exponential increase of rice production in Vietnam was initiated by several major
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policy reforms (i.e. the de-collectivization in the early 1980” and the rice market liberalization in
1989) and supported through the introduction of new rice varieties and chemical fertilizer
(Pingali et al., 1997; Sikor, 2006) (Figure 1-1). The area of paddy rice per person in mountainous
villages is on average 200 m? and the amount of fields per household depends on its number of
members (Vien, 2003). Due to the limited paddy area per household, the intensification of rice
production in the mountainous regions is highly depending on optimization of its current system

in terms of fertilizer application, water management and nutrient dynamics.
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Figure 1-1: An overview of population growth, maize and rice production within Vietnam from 1961 till
2009 (source: FAO Stat, 2010).

1.2.1 Swidden cultivation

Swidden cultivation, also often referred to as shifting cultivation or slash-and-burn agriculture,
has been practiced for more than centuries and is one of the most common agricultural practices
in the steep upland areas throughout Southeast Asia (Fox et al., 2000; Rerkasem et al., 2009).
Traditional shifting cultivation originally incorporated slash-and-burn techniques for field
clearance, followed by a short cropping period, e.g. upland rice (Oryza sativa L.), cassava
(Manihot esculenta L.), maize (Zea mays L.), and a long fallow period, i.e. six to fifteen times
the cropping period, through which the soil fertility is able to recover (Tinker et al., 1996; Fox et
al., 2000; Delang, 2002; Vien et al., 2006). Ziegler et al. (2009) showed that the long-term

environmental impacts on hydrology are negligible because of the rapid regeneration of
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vegetation during fallow periods, as well as due to the limited amount and continuous relocation
of cultivated fields. The conversion of traditional swidden systems into intensified annual
monocropping systems, predominately maize, has a strong environmental impact regarding
biodiversity, geomorphology, soil quality, carbon storage and hydrology (Bruun et al., 2009;
Rerkasem et al., 2009; Ziegler et al., 2009). For example, the reduction of the fallow period has a
strong influence on soil porosity, root strength and soil aggregate stability (Ziegler et al., 2009).
Bruun et al. (2009) estimated a reduction of 90% in above ground C stock and 40% soil organic
C loss within the topsoil when the fallow phase is reduced to four years. The effect of soil
degradation due to the reduction of fallow periods on crop production is temporarily masked by
the development of new varieties and the usage of chemical fertilizers (Wezel et al., 2002a;
Wezel et al., 2002b).

In intensively cultivated areas with no or short fallow periods, soil erosion severely
enhances land degradation, especially during the establishment phase when soil cover is low
(Vezina et al., 2006; Dung et al., 2008; Valentin et al., 2008). Lal (2001) reported that 1094
million ha worldwide and 441 million ha in Asia are seriously affected by water erosion. Soil
loss and runoff are highly variable and depend on climatic conditions as well as soil and land use
type, years of field cultivation, topography and landscape fragmentation (Sidle et al., 2006;
Ziegler et al., 2007; Valentin et al., 2008; Van De et al., 2008). Sidle et al. (2006) reported soil
loss by erosion in Southeast Asia ranging between 0.4 and 460 Mg ha” yr' depending on
measurement scale (i.e. plot or catchment level), slope, land use and soil conservation practices
(e.g. terracing, hedgerow, ground cover). Nutrient losses due to soil loss and runoff strongly
influence nutrient balances and are strongly affected by the amount of cropping cycles (i.e. 2 or 4
year cropping cycles) and land use (i.e. upland rice or cassava) succeeding the fallow phase
(Dung et al., 2008). When considering the nutrient losses associated with burning, the fallow
period necessary for N recovery in intensified swidden systems was estimated to range between
29 and 37 years depending on the amount of cropping cycles (Dung et al., 2008).

The sustainability of intensified cropping systems is an important issue in order to meet
the increasing food demand with a continuously declining availability of arable land. Soil
conservation techniques such as contour hedgerow, cover crop systems, grass strips and
agroforestry are studied intensively and are often promoted in order to reduce erosion and runoff

(Ziegler et al., 2006a; Pansak et al., 2008; Nyssen et al., 2009; Veum et al., 2009). However, the
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adoption of soil conservation measures by farmers remains low as they are often perceived as
economically unattractive and labor intensive (Wezel et al., 2002b; Knowler and Bradshaw,
2007). Additionally, land tenure security and reallocation threats in the northern mountainous
regions in Vietnam strongly influence adoption (Saint-Macary et al., 2010). Pansak et al. (2008)
showed over a period of three years that minimum tillage and mulching reduced soil loss
significantly (from 24.5 to 10.5 Mg ha™), whereas runoff only decreased moderately (from 866
to 642 m? ha™) in comparison when using leucaena (Leucaena Leucocephala) hedgerow systems
(225 m? ha™"). The application of minimum tillage and mulching therefore shows great potential
for intensification of composite swidden agriculture as it combines the reduction of erosion
without significantly minimizing water availability which is of high importance for downstream

rice production systems.

1.2.2 Rice production

Rice is the main staple food in Southeast Asia and its production will continue to be challenged
in meeting future food demands. Vietnam became, after Indonesia, the second largest rice
producer in the SE Asia with 35 million Mg in 2007 of which 90% is produced in the Mekong
and Red River delta (Pingali et al., 1997; FAO Stat, 2009). In Vietnam, 53% of the rice area is
irrigated, 39% is rainfed, 5% is considered to be upland rice and 3% is flooded (Hatcho et al.,
2010). Although the area of paddy rice remained relatively constant in NMR since 1995, the
average paddy production increased from 2.7 Mg ha to 4.6 Mg ha™ in 2009 (General Statistics
Office of Vietnam, 2010).

Worldwide, rice production is found to be very heterogeneous as it is highly depending on
climatic conditions, soil fertility, variety suitability, land and water management and fertilizer
application (Bouman and Tuong, 2001; Fageria et al., 2003; Kyuma, 2004; Haefele and
Wopereis, 2005). The assessment of the main factors influencing spatial variation in crop
performance is highly depending on the spatio-temporal scale chosen (Dobermann et al., 1997,
Yanai et al., 2000; Dobermann et al., 2003; Liu et al., 2008; Haefele and Konboon, 2009;
Lennartz et al., 2009). For example, land preparation can play an important role on soil-water
dynamics at field level (Singh et al., 2006; Lennartz et al., 2009). When looking at rice paddy

terraces, internal runoff, sediment deposition and crop management (e.g. nutrient input through
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fertilization) become important (Dercon et al., 2003; Tsubo et al., 2006; Boling et al., 2010). An
increase of soil fertility and crop productivity are found in lower situated paddies which is
related to the downward movement of nutrient rich soil particles due to land preparation and
water management (Tachibana et al., 2001; Tsubo et al., 2006; Prakongkep et al., 2008; Riith and
Lennartz, 2008). At larger scales, the redistribution of nutrients due to sediment deposition
throughout the landscape need to be taken into account besides climate, the nature of parent
material and landscape features (e.g. topography) (Dobermann et al., 2003; Zhang and Gong,
2003; Mingzhou et al., 2007; Liu et al., 2008).

1.2.3 Nitrogen (N) and Carbon (C) cycles in paddy fields

Paddy systems are characterized by an intensive use of agricultural inputs. Soil fertility (e.g.
fertilizer and crop residue use) and irrigation water management play a dominant role in the
optimization of these systems. However, the alternating flooding — drying cycles, which are
characteristic for paddy systems, make N and C cycles very complex as it changes the biological,
chemical and physical properties. The changes in water conditions (i.e. reducing conditions)
influences the transformation and migration of N (e.g. ammonia volatilization, denitrification,
leaching and runoff) within the system (Bandyopadhyay and Sarkar, 2005; Ghoneim et al., 2008;
Li et al., 2008; Ju et al., 2009). During drying cycles under more aerobic conditions formed
nitrate will be leached during flooding or denitrified due to the prevailing anaerobic conditions
(Keeney and Sahrawat, 1986). Another example is ammonia volatilization which is highly
depending on pH of the irrigation water and the presence of ammonium, as an increase of both
factors can result in significant NHj3 losses. Bandyopadhyay and Sarkar (2005) reported that the
NH;-N concentration within the irrigation water contributed for 80% to the variation of
ammonia losses. Ammonium on the other hand can be fixed depending on the type of clay
minerals, immobilized through microorganisms or nitrified depending on the redox conditions
(Keeney and Sahrawat, 1986). The form under which N is added into the paddy system will
additionally influence N mineralization-immobilization processes and therefore influence the
main pathway for N losses (Nishida et al., 2007; Kaewpradit et al., 2008; Ju et al., 2009; Zhao et
al., 2009). For example, ammonia volatilization is higher when swine manure is used compared

to poultry because of its higher NH," and readily mineralizable N content (Nishida et al., 2007)
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but lower compared when only urea is used (Bandyopadhyay and Sarkar, 2005). The
convergence of fertilizer application with storm events on the other hand, can significantly
increase N-losses due to runoff (i.e. lateral flow) (Kim et al., 2006; Tang et al., 2008). Tang et al.
(2008) showed that the years of cultivation and the toposequence position play an additional role
in N losses and estimated N losses between 0.1 and 22.7 kg N ha™. First of all, paddy fields
situated at the upper part of the toposequence receive more irrigation water which induces more
runoff-associated N losses. Furthermore, the age of a paddy field influences the presence and
compactness of the pan layer. Therefore higher N-losses through leaching are expected in
younger paddy fields. As a result, in young paddy fields subsurface flow can become an
important pathway for N losses besides surface flow when considering nutrient transport from
terraced paddy fields (Tang et al., 2008).

Similarly to the N cycle, C decomposition and translocation depends highly on the quantity
and quality of C input (e.g. residue incorporation or manure) and affects N-mineralization
processes (Kimura et al., 2004; Kaewpradit et al., 2008). One of the input parameters less
understood is the effect of sediment deposition through irrigation or upland runoff on nutrient
cycles in paddy fields. The effect of sediments is multifunctional as it affects paddy hydrology,
soil fertility and crop productivity (Homma et al., 2003; Tsubo et al., 2006; Boling et al., 2008).
Sediments transportation to paddy fields can occur through surface water irrigation or runoff
from upland fields carrying additional nutrients (Lantican et al., 2003; Tang et al., 2008).
Therefore, it is important to understand upland-lowland linkages in order to quantify and assess

the impact of sediment transport on paddy cultivation.

1.2.4 Linkage upland- lowland

Intensification of agriculture and associated land use changes in uplands not only affect on-site
biodiversity, water regime, soil degradation but also downstream areas by for instance flooding,
siltation of reservoirs and pollution of water bodies (Lantican et al., 2003; Ziegler et al., 2007;
Kahl et al., 2008; Valentin et al., 2008; Lopez -Tarazon et al., 2009). Assessing the effect of
upland intensification on downstream areas is complex as many processes influence sediment
redistribution and therefore associated nutrient dynamics (Collins and Walling, 2004).

Furthermore, the landscape often encompasses linear features such as roads, footpaths and canals
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which are known to stimulate erosion processes and conveyance of sediments (Ziegler et al.,
2000; Ziegler et al., 2004a). Therefore, it is difficult to estimate the portion of sediments that are
being redistributed in the landscape or delivered to neighboring streams. Chaplot et al. (2005b)
measured a decrease in sediment and soil organic carbon (SOC) yields when comparing micro-,
meso- and catchment level indicating that a significant amount is redistributed in the landscape.
Over the last decades, several studies were conducted on plot, toposequence and catchment level
in order to understand the effect of land use changes on sediment transportation and nutrient
dynamics (Coleman et al., 1990; Gao et al., 2004; Aksoy and Kavvas, 2005; Ziegler et al., 2007;
Riith and Lennartz, 2008; Schiettecatte et al., 2008; Seitzinger et al., 2010). The additional
source of C and N through sediment deposition can partly explain the spatial variation of soil
fertility found in the lowland (Riith and Lennartz, 2008). In China, the transportation of
sediments through irrigation along the Yellow river was shown by Mingzhou et al. (2007) to
improve soil quality in terms of decreasing salinity and increasing organic matter and total N
content. The redistribution of sediments within the landscape and its alterations on soil fertility,
therefore, will have an influence on downstream crop production and should be taken into
account when assessing the environmental impact of land use change scenarios in order to advice

local policy makers in land use planning and fertilizer recommendations.

1.3 Chieng Khoi commune

The study was conducted in Chieng Khoi Commune (21°7°60”N, 105°40°0”E) one of the 13
communes situated in the Yen Chau District, Son La Province, Northwest Vietnam (Figure 1-2).
Chieng Khoi is representative for the majority of communes located in the NMR where
composite swidden systems were highly intensified by which the uplands were converted into
permanent annual monocropping systems (Figure 1-3). The commune covers a total area of 3189
ha and consists of six Black Thai villages having a total population of 471 households (Quang et
al., 2008). On average, a Black Thai household has a farm size of 1.65 ha which is often
fragmented into small units ranging between 0.01 and 0.3 ha depending on location within the
landscape (i.e. upland or lowland) and attributed land use class (e.g. rice, upland crop, forest).
The undulating landscape has an altitudinal range between 320 and 1600 m above sea level

(a.s.l.) with slopes ranging between 0.05 and 65%. Paddy rice is cultivated in the lowland while
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maize and cassava are, together with perennial land use types (e.g. timber and fruit tree
plantations) the main cropping systems in the uplands (Figure 1-4). The majority of the soil types
can be classified according to the WRB classification as Luvisols, Alisols and Stagnic
Anthrosols (Clemens et al., 2010). An overview of the different soils classified by the farmers

using participatory tools is shown in Figure 1-5.

N Legend
A . Lower gage irrigation channel
A Upper gage irrigation channel

= Irrigation channel

River
[_] pownstream catchment
¢/ Drainage upland area to channel (17 ha)

e

<=" Irrigated paddy rice area (6.5 ha)

Figure 1-2: a) Location of Son La Province in Northwest Vietnam, b) Overview of communes within Yen
Chau District which is situated in Son La province and ¢) Detailed overview of the study area with the
position of water samplers (triangle and circle) and the location of the paddy rice terraces (cross) located
in Chieng Khoi Commune (Graphics and maps adopted from SFB 564- The Uplands Program 2006-
2009).

11

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fur den persénlichen Gebrauch.



'L00C
Ul JUdAQ WIO}S 31q & 101 ploy Apped € ur uoneyuowrpas (p ‘royy] Suary) ur seouanbasodo) parojruowr ay) Jo auQ) (o ‘Toyy] Suory) Jo pue[mo|

o ur swdIsAs Apped pue spjoyy puedn pajeAnno ze (q ‘uosedas ozrew o) 3urpeodrd 1oy sudry) ur spey puejdn paysnord (e :¢-1 93

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.

Es gilt nur fur den persénlichen Gebrauch.



(010 “Te 30 suawo[) Ioye payyIpow) (6007 ‘ueAn3N) oSew
o8po[mouy siowej uo paseq uoneoyissed dadA) 10§ :¢-1 omSr] N[AIes 00T [II SSIT UO Paseq UONBOLISSE[O oSN Pue| -] oInJrg
a7 ouy usiy [
I T I N .
oo ews Bugw posmoras [ | siell 057 | 0 %3 057} enesse pue szey [ sialapy 00Z' | o 008 00Tl
|10 A0 |3 ApUES I BABSSED) I
1105 pad Apues _H_ azlew I
s e spues [ wsauopjenien [
o0 B Bupiw oz pay [
1oz pay I SHET I
10z AnD)|24 00 4 _H_ adu _.:u_umn_ I
o padsood [ uoneued aai] I
11es s pong [ 1002 asn pue’

o0 [[ews Buiw [Ios 3e)g I
3004 Ag BUIW (108 yoeg I
e u s oo [
puaBaq

puafia

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.

Es gilt nur fur den persénlichen Gebrauch.



1.4 Techniques to analyze upland — lowland relationships

The spatio-temporal assessment of nutrient redistribution at landscape level through irrigation
and its effect on lowland rice production request a combination of various techniques (Figure
1-6). Water quality monitoring of the irrigation water was performed using automatic water
samplers for sample taking. Samples were analyzed for inorganic C, organic C and total N using
the combustion method (Chapter 2). The effect of sediment loaded irrigation water on soil
fertility in paddy fields was performed by using detailed sampling schemes before transplanting
and after harvesting of the paddy topsoil (Chapter 3). A combination of mid infrared
spectroscopy and conventional wet analysis was used in order to process the large amount of soil
samples taken. Stable isotope techniques (°C and °N) were used in order to distinguish between
the effect of sediment deposition and other factors such as nutrient and water availability on rice
performance (Chapter 4). In the following sections, an overview and justification is given on the

potential techniques useable in this kind of studies.

C and N loads 4 ) 4 - )
. . Effect of sediment-
entering paddy Soil C and N associated C and N
fields due to changes through

sediment-rich sediment deposition deposition in paddy

S . S o fields on rice

irrigation water: in rice paddies: o
productivity:

Automatic water Mid infrared .
. Stable isotope
sampling and load spectroscopy techniques
calculations
J \ J \ J

Figure 1-6: Overview of the techniques used in this study.

1.4.1 Nutrient distribution at landscape level

1.4.1.1 Water sampling and load calculations

Water quality monitoring has a high spatio-temporal character at landscape or catchment scale as
it is an integration of various biochemical processes (King and Harmel, 2003; Gao, 2008). The
quality of collected water samples is highly depending on the sampling technique chosen and
will therefore influence, besides the calculation methods, the accuracy of load estimations (King

et al., 2005; Schleppi et al., 2006; Drewry et al., 2009). The chosen sampling strategy often
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depends, besides the purpose of the study, on available resources and equipment (Robertson,

2003).

Grab sample Time serie
Direct
measurements -
Automatic Flow
Water quality sampler proportional
Indirect Turbidity Event-based
measurements sensor

Figure 1-7: Overview of possible water sampling strategies for assessing water quality parameters.

A distinction should be made between direct and indirect measurements. Direct
measurements include manual (i.e. grab sample) or automatic (i.e. automatic water sampler)
sampling while indirect measurements use a proxy such as turbidity for estimating sediment
transport (Gao, 2008) (Figure 1-7). Grab sampling is often referred to as taken a sample at
irregular time intervals throughout the year (e.g. weekly, monthly basis) (Ziegler et al., 2006a). A
more detailed sampling scheme can be used for storm event sampling where the time interval is
shortened between samples in order to monitor changes in sediment concentration during rainfall
events. The disadvantage of this method is that sampling is labor intensive and difficult as storm
events often have a relatively short duration. Therefore, loads can be significantly
underestimated (Harmel et al., 2003; Robertson, 2003). One of the alternatives is using automatic
samplers where samples can be taken at fixed time (time series) or discharge intervals (flow
proportional) (King and Harmel, 2003; Gao, 2008). Automatic water samplers are widely used in
sedimentation and nutrient transport studies (Kronvang and Bruhn, 1996; Lopez et al., 2000;
King and Harmel, 2003; Gao et al., 2004; Holz, 2010). Although time-based sampling strategies
reduce the mean bias of estimated load when small time intervals are chosen, the error
significantly increases over bigger time intervals or when storm events occur (King and Harmel,
2003). When sampling storm events, a better option is flow proportional sampling where a

sample is taken when a defined amount of flow passes a certain point. Therefore, during high
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flows, a more frequent sampling will be performed which reduces errors regarding load
estimations of storm events (King and Harmel, 2003). The automatic water sampler has a limited
amount of bottles, thus the defined amount of flow plays an important role within the sampling
procedure (Lopez et al., 2000). Event-based—flow proportional sampling can be a solution in this
where sampling is initiated when a predefined threshold of water level in streams is exceeded
(Harmel et al., 2003; Gao, 2008). However, when working in irrigation systems (Figure 1-8), the
changes in water level is not only depending on rainfall-runoff but also on irrigation management

which makes it difficult to use event based sampling.

Figure 1-8: Installation of the ultra-sensor for water level measurements coupled to the automatic water
sampler in the upper part of the irrigation channel. The samples on the picture show the changes in water
quality during a rainfall event in 2008.

The use of automatic samplers clearly reduces labor costs in terms of sample taking but
not necessarily regarding analysis. The amount of samples can be reduced by taking composite
instead of discrete samples (King and Harmel, 2003). Discrete sampling implies a one sample,
one bottle strategy, whereas a composite sample can have a defined amount of samples per
bottle. King and Harmel (2003) showed that there was no statistical disadvantage between
composite or discrete sampling, so that the amount of samples could be clearly reduced, resulting

in an economic advantage. Hence, a flow proportional-composite sampling strategy was used in
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Chapter 2 for estimating the effect of storm events on irrigated C and N loads. Details regarding

flow component separation and load calculations are provided in Chapter 2.

1.4.1.2 Mid infrared spectroscopy

Many conventional lab methods are available for analyzing soil chemical and physical
properties, each having their advantages and disadvantages and depending on the resources
available. Organic C, for example can be analyzed by using Walkley-Black, lost on ignition
(Entry et al., 2002) or using the combustion method (Cobo et al., 2010), with the latter one
having a much higher precision (Roelofs, 1983). Another method is diffuse reflectance
spectroscopy, i.e. using visible (400-700 nm), near infrared (700-2500 nm) or mid infrared
spectra (2500-25000 nm), which has been proven to be a useful tool in quantitative and/or
qualitative analysis of soil samples for various applications (McCarty et al., 2002; Pirie et al.,
2005; Viscarra Rossel et al.,, 2006; Reeves III et al., 2008; Cobo et al., 2010). Diffuse
Reflectance Fourier Transform Infrared spectroscopy has several advantages compared to other
infrared spectroscopy techniques due to the easiness of sample preparation and greater numbers
of useful bands (Parker and Frost, 1996). The principle is based on the reflection and absorbance
of the infrared light by the sample due to its present compounds (Viscarra Rossel et al., 2006).
The spectrum of one soil sample can inherit simultaneously information on chemical (e.g. CEC,
pH, total N, inorganic C, etc.), physical (e.g. sand, silt and clay fraction) and biological
properties (Viscarra Rossel et al., 2006; Zornoza et al., 2008). As soil samples consist out of a
complex variety of functional groups, multivariate statistical tools are needed such as
multivariate analysis, principal component or partial least squares regression in order to identify
the functional groups as they can be represented by multiple bands within the spectra
(McBratney et al., 2006). There are several advantages of diffuse reflectance spectroscopy
compared to conventional wet laboratory techniques used in soil analysis as they are non-
destructive, rapid, less expensive, allowing fast analysis of a large number of samples
(McBratney et al., 2006). Both NIR and MIR spectra are used intensively for the assessment of
soil chemical properties each having their own advantages and disadvantages (McCarty et al.,
2002; van Groenigen et al., 2003; Pirie et al., 2005; Madari et al., 2006; Viscarra Rossel et al.,
2006; Reeves III et al., 2008; Zornoza et al., 2008; Cobo et al., 2010). The mid infrared
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spectrometer is more expensive and often less portable and local calibrations are needed as the
chemistry of the soil matrix place an important influence (Reeves III and Smith, 2009).
However, as the majority of the molecular vibrations for soil components occur within the range
of 2500 and 25000 nm, MIR spectra are found to be more sensitive compared to NIR spectra
(Pirie et al., 2005; Viscarra Rossel et al., 2006). McCarty et al. (2002) showed that MIR spectra
contain more information for example on soil C compounds compared to NIRS. Similar results
were obtained by Reeves III et al. (2006) when looking at soil C pools and even concluded that
the isotopic discrimination of *C in soils could be measured after accurate calibration. In order
to assess sediment induced soil spatial variability of paddy fields at cascade level in this thesis,
MIR spectra of soil samples were combined with the results obtained by using conventional wet

analysis (Chapter 3).

1.4.2 Nutrient and water availability in crop production systems

Water use efficiency is linked to the stomatal conductance and CO, assimilation by plants during
photosynthesis as the biochemical pathway for CO, intake and H,O release is shared. The
estimation of CO, assimilation, stomatal conductance and transpiration are combined in many
photosynthesis measurements (Millan-Almaraz et al., 2009). One of the most commonly used
measurements is gas exchange chambers for understanding the carbon and water cycles in the
soil-plant system (Kron et al., 2008; Yuan et al., 2009). The method consists of measuring CO,
exchange of a plant sample in a closed or open chamber by recording the proportional changes of
the gas in the chamber produced by the plant (Millan-Almaraz et al., 2009). The accuracy of the
measurements is sensitive to the precise measurement of CO, in the air and in the chamber, and
fluctuations in chamber temperature and humidity. However, when a large number of samples
needs to be analyzed (e.g. landscape ecosystem studies) it can become very time intensive. The
quantification of driving mechanisms behind nutrient and water induced yield losses using
traditional techniques is difficult as many processes are involved (Clay et al., 2005). As there is a
clear linkage between plant nutrient uptake and soil water availability, the use of stable isotopes
(*C and "N) as integrators for the understanding of interactions and competition between plants

or within an ecosystem can be a solution (Dawson et al., 2002).
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Stable isotopes such as °C, N and 'O have been used worldwide not only in order to
understand the photosynthetic pathways, pathways of nutrient and water uptake by plants or
water competition between plants (Farquhar et al., 1989; Bandyopadhyay and Sarkar, 2005;
Impa et al., 2005; Pansak et al., 2007; Ito et al., 2009) but also to understand processes within
rivers, catchments and ecosystems (Ehleringer et al., 2002; Fox and Papanicolaou, 2007; Ogrinc
et al., 2008; Brunet et al., 2009). The use of °C and "N stable isotopes has been proven to be a
successful technique in assessing ex post the effect of water limitation and N uptake on crop
performance (Farquhar, 1983; Clay et al., 2001a; Dercon et al., 2006a; Fan et al., 2007; Pansak et
al., 2007; Kaewpradit et al., 2009). Ribulose diphosphate carboxylase (RuBisCo) catalyses the
fixation of CO, in plants to ribulose diphosphate and has a great affinity for '*CO, which is in
abundance when plants are not water stressed. When water limitation occurs, the stomata of Cs
plants, such as rice, close in order to reduce water losses. Hence, the diffusion of air inside and
outside the leaf decreases and the fixation of *CO, by RuBisCo is increased (Clay et al., 2001b).
The typical isotopic ratio of °C (8'°C) for Cs plants is species dependent and ranges around -30
to -22%o and increases (i.e. become less negative) when water limitation occurs (Farquhar et al.,
1989; Impa et al., 2005). However, in C4 plants the large effect of RuBisCo on 8"°C is
suppressed in the semi-closed bundle sheath (Farquhar et al., 1989). Therefore, the isotopic
composition will be less for C4 in comparison with C; plants. When water stress occurs in Cy4
plants, the '"CO, diffused through the stomata will concentrate in HCO; and
Phosphoenolpyruvate (PEP) carboxylase discriminates against H>CO;". Water limitation in C4
will therefore cause a decrease (i.e. becomes more negative) of 8'°C which ranges for well
watered conditions between -10 and -14%o depending on plant species (Farquhar, 1983). Factors
which influence CO, diffusion such as nitrogen availability, salinity and light will therefore also
influence "’C discrimination causing an increase or decrease of &'°C depending on the
photosynthetic pathway of the plant species (Farquhar et al., 1989; van Groenigen and van
Kessel, 2002; Dercon et al., 2006a).

The use of the stable isotope "N assists in understanding N uptake and fertilizer use
efficiency as N dynamics within the spoil-plant system is often complex, especially in paddy
fields (Yoneyama et al., 1991b; Bandyopadhyay and Sarkar, 2005; Kaewpradit et al., 2009).
Many studies used "°N enrichment techniques in order to understand the N uptake/losses and

estimate the fertilizer use efficiency within cropping systems (e.g. Bandyopadhyay and Sarkar,
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2005; Goto et al., 2006; Fan et al., 2007; Ghoneim et al., 2008). The various inputs of N through
irrigation, fertilizer application and residue management into the cropping system, will have an
impact on the natural abundance of "N in soils and consequently in plants (Nishida et al., 2007;
Ebid et al., 2008; Bernot et al., 2009). Furthermore, the wet-dry cycles, characteristic for paddy
fields, will not only have an impact on the transport and transformation of N but will also
influence the natural abundance of "N (Yoneyama et al., 1990; Yoneyama et al., 1991a). For
example, when the period of saturation increases an enrichment of 8'°N within the soil was
found by Billy et al. (2010). This can be linked with the increase of ammonium concentration
under the anaerobic conditions and the preferred uptake of '*N-NH,4" by rice plants causing an
enrichment of 3"°N in the topsoil (Yoneyama et al., 2001b). Therefore, the natural abundance of
>N in paddy soils reflects the history of soil and water management (Nishida et al., 2007). In the
current thesis stable isotopes, °C and °N, were analyzed in rice grains and paddy soil samples
taken at harvest, in order to assess the impact of spatial variation of water and nitrogen

availability on rice yields along cascades (Chapter 4).

1.5 Justification

Socio-economic changes have put tremendous pressure on agricultural land in the tropical
mountainous regions of Northern Vietnam changing its rather sustainable composite swiddening
system into intense annual monocropping systems (Turkelboom et al., 2008; Ziegler et al., 2009).
The effect of these intensified systems in the uplands in terms of soil degradation, erosion
associated nutrient transport and yield reduction have been widely addressed over the past years
(Lam et al., 2005; Dung et al., 2008; Nikolic et al., 2008; Bruun et al., 2009). The erosion-
induced transport and deposition of sediments within the landscape is complex as it depends on
topography, the occurrence of linear elements (e.g. roads, paths) and the chosen scale (Ziegler et
al., 2000; Chaplot et al., 2005b). The sediment associated nutrients can have several impacts
downstream such as siltation of irrigation systems, flooding and pollution of water bodies
(Lantican et al., 2003; Bruijnzeel, 2004; Gao et al., 2004; Lopez -Tarazon et al., 2009). Sediment
deposition in the lowlands depends on water discharge, topographic characteristics and particle
size distribution (Gao et al., 2007; 2008). As sediments, depending on its quantity and quality,

can be an additional source of nutrients, patterns of spatial variability (e.g. organic C) can be
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expected in the lowlands (Mingzhou et al., 2007; Schiettecatte et al., 2008). As pointed out by
Mingzhou et al. (2007) sediment deposition can improve crop performance due to an increase of
cation exchange capacity, clay content and soil organic matter which positively influences
nitrogen use efficiency. Therefore, there is a need for quantifying sediment related carbon and
nutrients redistributions within cultivated watersheds and its effect on soil fertility (Valentin et
al., 2008). Especially, in Southeast Asia where valley bottoms are under intensive rice cultivation
the additional source of nutrients can play an important role as paddy fields act as a sediment and
nutrient trap (Yan et al., 2010). Often fertilizer recommendations for rice are not catchment
specific, resulting in an over-fertilization increasing the pollution of water bodies due to
excessive N and P transport (Kim et al., 2006). Furthermore, due to climate change, the
occurrence of extreme storm events, such as typhoons, will increase (Cruz et al., 2007). The
effect of typhoons on sediment transportation and deposition throughout the landscape needs to
be addressed in order to understand the sustainability of current land uses in up- and lowlands as
they are interlinked. This scientific work tries to quantify the amount of C and N originating
from the upland and its redistribution through irrigation into downstream paddy toposequences in
order to understand and improve spatial variability of rice performance. Furthermore, it seeks to
understand the upland-lowland linkages in terms of sediment transportation and its vulnerability

during extreme rainfall events.

1.6 Hypotheses

The main hypotheses addressed in this thesis are:

a) The, through erosion removed, carbon and nitrogen is redistributed by various
sedimentation-deposition pathways from the intensively cultivated upland to the lowland,

b) Depending on the sediment characteristics and deposition pathway, the redistribution of
C and N is creating patterns of soil spatial variation and therefore influences rice
productivity in the lowland,

c) Extreme rainfall events such as typhoons will influence the quality and quantity of
sediment deposition and therefore, would pose a risk to the sustainability of the system,

d) Farmers’ perception on agricultural practice is influenced by extreme rainfall events

which could stimulate adoption of soil conservation practices.
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1.7 Goal and objectives

The goal of this study was to understand the erosion induced redistribution of carbon and
nitrogen within the landscape and its impact on rice productivity in the lowland in an intensively

cultivated watershed in Northern Vietnam.

The specific objectives were to:

a) Quantify the carbon and nitrogen loads irrigated to the lowland and transported out of the
subwatershed during the rainfall season,

b) Assess the spatial redistribution of carbon and nitrogen within and along rice
toposequences, its effect on soil fertility and rice productivity,

c) Distinguish between water and nutrient induced yield losses occurring within
toposequences using stable isotope techniques,

d) Understand the driving factors behind farmers’ practices and the influence of extreme
events such as flooding on the adoption of mitigation strategies (e.g. soil conservation

techniques).

1.8 Outline of the study

In Chapter 1 a brief overview is given of the driving factors behind land use intensification and
its implications on landscape level in Northern Vietnam followed by a short discussion about the
techniques used throughout the study. Chapter 2 deals with the quantification of C and N flows
from upland area, through irrigation water into downstream paddy rice terraces. The effect of
sediment deposition on soil spatial variation among and within terraces is discussed within
Chapter 3, and the effects on rice production in Chapter 4. The last paper presented here (Chapter
5) was an interdisciplinary study addressing the impact of extreme events on farmers perception
on agricultural practices in the upland and its linkage to downstream rice production. The general
discussion and future recommendations related to this study can be found in Chapter 6, and the

summary in Chapter 7. All references used within this work are listed in Chapter 8.
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CHAPTER 2

REDISTRIBUTION OF CARBON AND NITROGEN THROUGH
IRRIGATION IN INTENSIVLY CULTIVATED TROPICAL
MOUNTAINOUS WATERSHEDS
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2.1 Abstract

This study aimed at tracing and quantifying organic carbon and total nitrogen fluxes related to
suspended material in irrigation water in the uplands of Northwest Vietnam. In the study area, a
reservoir acts as a sink for sediments from the surrounding mountains, feeding irrigation
channels to irrigate lowland paddy systems. A flow separation identified the flow components of
overland flow, water release from the reservoir to the irrigation channel, direct precipitation into
the channel, irrigation discharge to paddy fields and discharge leaving the sub-watershed. A
mixed effects model was used to assess the C and N loads of each flow component. Irrigation
water had an average baseline concentration of 29 + 4.4 mg I"' inorganic C, 4.7 + 1.2 mg 1!
organic C and 3.9 = 1.6 mg I"' total N. Once soils were rewetted and overland flow was induced,
organic C and total N concentrations changed rapidly due to increasing sediment loads in the
irrigation water. Summarizing all monitored events, overland flow was estimated to convey
about 63 kg organic C ha™' and 8.5 kg N ha” from surrounding upland fields to the irrigation

channel. The drainage of various non-point sources towards the irrigation channel was supported

! A version of this chapter has been accepted for publication:

Schmitter, P., Frohlich, H., Dercon, G., Hilger, T., Thanh, N. H., Lam, N. T., Vien, T. D., Cadisch, G. (2011).
Redistribution of carbon and nitrogen through irrigation in intensively cultivated tropical mountainous watersheds.
Biogeochemistry, in press
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by the variation of the estimated organic C / total N ratios of the overland flow which fluctuated
between 2 and 7. Nevertheless, the majority of the nutrient loads (up to 93-99%) were derived
from the reservoir, which served as a sediment-buffer trap. Due to the overall high nutrient and
sediment content of the reservoir water used for irrigation, a significant proportion of nutrients
was continuously reallocated to the paddy fields in the lowland throughout the rice cropping
season. The cumulative amount of organic C and total N load entering paddies with the irrigation
water between May and September was estimated at 0.8 and 0.7 Mg ha™, respectively. Therefore
deposition of C and N through irrigation is an important contributor in maintaining soil fertility,
and a process to be taken into account in the soil fertility management in these paddy rice

systems.

2.2 Keywords

C and N flows; irrigation; overland flow; paddy fields, Vietnam; water quality.

2.3 Introduction

In tropical mountainous regions of Southeast Asia, increasing population pressure and enhanced
market access resulted in a rapid deforestation and land use intensification on steep slopes (Dung
et al., 2008; 2005; Valentin et al., 2008; Ziegler et al., 2009). In Vietnam, from a total land area
of 33 million ha, 75% are located in mountainous and hilly regions off which 50% are used for
agriculture (The World Bank and The Danish Agency for International Development, 2002). One
of the most common agro-ecosystems in Northern Vietnam is composite swidden agriculture
(Dung et al., 2008; Lam et al., 2005; Ziegler et al., 2009) which consists out of an alternation of
fallow and cash crops in the upland areas (e.g. maize and cassava) in combination with
permanent paddy fields at the lower slopes and valley bottoms. Over the last decades the
duration of the fallow periods has been reduced and composite swidden agriculture has been
replaced by permanent annual cropping systems which resulted in accelerated land degradation
through erosion and nutrient losses (Dung et al., 2008; Pansak et al., 2008; Vezina et al., 2006;
Ziegler et al., 2009), and changes in catchment hydrological behavior due to landscape

fragmentation (Ziegler, 2007).
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Sediment and associated nutrient transport depend on soil and land use type, slope and
landscape fragmentation (Valentin et al., 2008; Van De et al., 2008; Ziegler et al., 2007), and can
cause negative on-site (e.g. soil fertility reduction and crop productivity decline) and off-site
(e.g. stream pollution and reservoir siltation) impacts at catchment level (Berka et al., 2001;
Havens et al., 2001; Lu and Higgitt, 2001; Pansak et al., 2008; Wezel et al., 2002). Van Oost et
al. (2007) estimated that globally 1 Pg yr' of organic carbon (C) is lost by erosion from
agricultural land and found ranges of organic C losses between 30 and 300 kg ha™ year”
depending on land use, cultivation practices and watershed characteristics. Lal (2003) reported
considerably higher rates of organic C redistributed worldwide by water erosion ranging between
4 and 6 Pg yr' of which 2.8 - 4.2 Pg yr”' was transferred to lowland areas.

Climate change studies have pointed out that extreme rainfall events and an increase in
drought periods will continue to occur (Bates et al., 2008; Cruz et al., 2007). Water demand for
agricultural and non-agricultural use will continue to increase although water availability will be
challenged in the future (Xiong et al., 2010). Cruz et al. (2007) stated that due to water scarcity,
rice yields will drop at the end of the 21* Century by 3.8% in Asia. As rice is the main staple
food in Southeast Asia, seasonal water shortage will call for expansion and improvement of
irrigation systems as well as water management in order to meet the increasing food demand
(Hatcho et al., 2010; Kirby and Mainuddin, 2009; Turral et al., 2010). Besides surface water
induced erosion and sedimentation patterns in the landscape, the presence of irrigation systems
can contribute additionally to the redistribution of nutrients within irrigated lowlands. The
contribution of irrigation water in terms of nutrient and sediment deposition is highly influenced
by irrigation channel gradient (Mingzhou et al., 2007) and irrigation scheme (King et al., 2009;
Poch et al., 2006). In Sacramento Valley (USA), furrow irrigation in an intensively cultivated
watershed resulted in a net input of 2 Mg sediment ha™ yr'' (Poch et al., 2006) and 0.03 total C
Mg ha™ yr! from which the majority was delivered during rainfall events. Furthermore the study
showed a net loss of 0.005 total N Mg ha™ yr' due to runoff created during irrigation after
fertilization (King et al., 2009). In an intensively cultivated watershed in China, Tang et al.
(2008) reported an averaged input of 0.02 Mg total N ha™' yr'' in paddy fields from irrigation
water. While small and moderate nutrient-rich sediment deposition on downstream located

farmland such as paddy fields might be beneficial, large nutrient-poor sediment delivery could
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decrease the original soil fertility (Cassel et al., 2000; Mingzhou et al., 2007; Schmitter et al.,
2010).

The purpose of this study was to assess the redistribution of C and N through irrigation
water in intensively cultivated mountainous regions of Northwest Vietnam and to evaluate the
contribution of rainfall induced runoff from upland areas on additional irrigated C and N loads.
The specific aims were (1) to separate the measured discharge in the irrigation channels into the
different flow components and their role in redistributing C and N loads (e.g. overland flow,
direct rainfall, inlet, outlet and irrigation discharge), (ii) to evaluate the role of an irrigation
system with regards to sink and sources of C and N into the lowland, and (iii) to estimate the

vulnerability of irrigated lowlands during the rainy season with regards to nutrient fluxes.

2.4 Materials and methods

2.4.1 Experimental site

The assessment of carbon and nitrogen loads in the irrigation water was carried out from May till
September 2008, during the rainfall season in the Chieng Khoi commune, Yen Chau district, Son
La province, Northwest Vietnam. As the area is located in the tropical monsoon belt, the rainy
season starts in April and can last till September-October. Especially at the end of the rainy
season, the occurrence of typhoons is not uncommon where daily rainfall amounts can rise to
200 mm.

In the south of the Chieng Khoi catchment, a stream originating from Karst mountains was
dammed in 1962, resulting in a lake with a capacity of 1 x 10° m’, which currently serves as an
irrigation reservoir (Figure 2-1). The contributing area of intensively cultivated uplands to the
reservoir is approximately 490 ha. The maximum water level of the reservoir is 12.25 m and the
fluctuations strongly depend on rainfall and irrigation requirements. Construction of open-
channel irrigation systems made intensification of rice production in the area possible by
providing enough water for surface irrigation in the dry season to allow a spring
(February/March — June/July) besides a summer rice season (July — October/November). The
reservoir is feeding a main irrigation channel which splits after 200 m in two irrigation channels
supplying irrigation water to 60 ha of paddy rice. The streambed of the open-channel irrigation

system under study was made out of concrete. Additionally, the spill-over of the reservoir feeds
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the dammed stream during July- September when the reservoir fills up completely. Outside of
this period, runoff, interflow and baseflow mainly originating from the irrigated rice fields are
the only contributing processes influencing the river discharge.

The present study focused on a subwatershed within the Chieng Khoi catchment which
consisted out of 17.1 ha of upland area draining towards the irrigation channel and 6.5 ha of
irrigated paddy area fed by the channel. The irrigation water used in this area is supplied by one

of the two irrigation channels originating from the reservoir (Figure 2-1).

N Legend
A . Lower gage irrigation channel
A Upper gage irrigation channel

== [rrigation channel

5 Reservoir

— River

I:l Downstream catchment

% Drainage upland area to channel (17 ha)
£ Irrigated paddy rice area (6.5 ha)

&0

< &
4 = 50y % e s Meters

Figure 2-1: Overview of the position of both automatic water samplers (upper gage and lower gage, black
triangle and grey circle, respectively) along one of the irrigation channels within the Chieng Khoi
watershed (Son La Province). The marked area above the irrigation channel delineates the upland
drainage area towards the channel while the area between the irrigation channel and the river marks the
paddy area that is irrigated between both measurement stations.

In the subwatershed, the upland area is characterized by steep upland hills (i.e. slopes up to 86%)

which are intensively cropped with maize (Zea mays L.) and cassava (Manihot esculenta Crantz)
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from March until December. The parent material is often silt-fine sandstone and limestone and
the two major occurring soil types in the upland area are Alisols and Luvisols (Deckers et al.,
1998). In the lowland, the soils are classified as anthraquic Anthrosols on which paddy rice

(Oryza sativa L.) is the major cultivated crop, in some areas for up to 200 years.

2.4.2 Total organic carbon and total nitrogen fluxes in irrigation water

Rainfall was monitored every two minutes and summarized every 10 minutes by a weather
station (Campbell Scientific) which included a tipping bucket rain gauge with a precision of 0.1
mm. In 2008, the total rainfall amounted to 1054 mm of which 720 mm fell within the measured
period (May till September 2008). As the irrigation channel was of concrete, the baseflow and
interflow of the upland area could be neglected as extra input sources as well as percolation
losses from the bed with regards to outflow components. Within the channel, two automatic
water samplers were installed: (i) at the inlet of the concrete irrigation channel (upper gage) after
the split of the main irrigation channel and (ii) at 1.1 km downstream from the inlet, leaving the
delineated studied subwatershed (lower gage) (Figure 2-1). This set up assisted in differentiating
the amount and quality of the water coming from the reservoir (upper gage) and the water from
the surrounding uplands along the irrigation channel. In total, 25 events covering various average
rainfall intensities ranging between 0.1 and 11 mm h™' and different rainfall amounts, fluctuating
between 0.1 and 30 mm were sampled at both sampling stations. During each rainfall event,
sampling was carried out flow proportionally at both measurement stations (Figure 2-1) using
automatic water samplers (Maxx Mess- und Probennahmetechnik GmbH, Germany) which were
connected with ultrasonic sensors (Nivus GmbH, Germany) for water level measurements. Water
levels were automatically converted to discharge using a calibrated stage-discharge curve. Five
flow proportional samples each of 50 ml were combined into one flask creating a composite flow
proportional sample. The amount of composite samples taken during rainfall events depended on
rainfall duration and discharge in the channel (Table 2-1). Each monitored event started with a
baseline sample before rainfall started and ended when the baseline was reached after a rainfall
event. Furthermore, baseline samples were taken in a bi-weekly interval throughout the
measurement period May to September 2008. In total, 419 composite samples were taken, frozen

to avoid C and N losses, and analyzed for total N, inorganic and organic C by combustion using
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a Liquitocll C and N analyzer (Elementar Analysensysteme GmbH, Germany). Inorganic C was
measured at 32°C after acidification with HCI while total organic C and total N was measured by

combustion until 800°C.

2.4.3 Data analysis

The data analysis was designed to carry out a flow component separation (overland flow, direct
rainfall, inlet, outlet and irrigation discharge). This allowed (i) characterizing and classifying
rainfall events based on the different flow components and their effect on mean inorganic and
organic C and total N concentrations for each event (i.e. event mean concentration, EMC), (ii)
calculating the loads of total N, inorganic and organic C associated to these components, and (iii)

evaluating the nutrient loads irrigated to the paddy fields and leaving the watershed at the outlet.

2.4.3.1 Event definition

Cross correlation analysis was used to quantify the temporal lag between peaks in rainfall time
series and discharge time series at the outlet. According to Biron et al. (1999) stationary event
time series were established out of the original precipitation and flow time series through least-
squares regression with time as predictor variable by adding the model residuals to the mean
values of the respective time series. The calculated lag times were interpreted as reaction time of
the hydrologic system under study. Rainfall events were consecutively defined to last from start
to finish of periods of continuous precipitation and appending the calculated lag times to the end
of these periods. Periods of continuous precipitation were defined as not being intermitted by

periods of no precipitation longer than 30 minutes.

2.4.3.2 Flow component calculation

As the irrigation channel monitored in this study was constructed out of concrete, baseflow and
interflow were excluded from the calculation of the flow components. With this precondition the

hydrological system can be described as follows:
Qpp + Qi + Qof = Qirr + Qout Eq. 2-1

where @, (m’) is the direct precipitation into the stream channel, Q;,, (m®) the gaged outflow

from the reservoir (upper gage), Q,r (m’) the overland flow discharging into the stream channel
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from adjacent slopes between the two gages, Q;, (m®) the amount of water used for irrigation of
the paddy fields situated between the upper and lower gage and Q,,,; (m’) the measured outflow
at the lower gage. Q) (m’) was calculated multiplying the channel surface area by precipitation.
For all further analyses Q;, was shifted two time steps forward (10 minutes per time step)
according to an observed overall lag time of 20 minutes between Q;, and Q,,;. During dry
periods, i.e. in absence of @, and Q,f, Q; Was calculated at time step i by subtracting outflow

at the lower gage from outflow from the reservoir:

Qirr,i = Qin,i + Qout,i Eq. 2-2

During rainfall events, where equation 1 has two unknowns (i. €. Qyy, Qof), Qirri Was
assumed to be the product of pre-event irrigation rates and the relative change in reservoir

release (Q;,,) due to irrigation management since the onset of the event:

Qirr,i = (Qin,pre - Qout,pre) X (1 + (Qin,i - Qin,pre)Qin,pre_l) Eq~ 2-3

with subscript pre denoting the last time step preceding the event. The partitioning of inputs from

Q;n into contributions to Q¢ and Q; was kept constant during the event and @, subsequently

calculated recalling Eq. 2-1.

2.4.3.3 Event characteristics

For exploratory data analysis and the subsequent mixed effects model, all events were
characterized by hydrological and hydrochemical parameters. The former comprised average
precipitation intensity, cumulative precipitation amount and duration, cumulative flow
component discharges and preceding rainfall conditions (i.e. time to the preceding event and
cumulative rainfall of the preceding rainfall event). The latter included total N, inorganic and
organic C minimum and maximum concentrations of the two gages, flow component loads and
event mean concentrations (EMC), which allowed cross event intercomparison, calculated

according to:

EMC = %(Q; x G)/% Eq. 2-4
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with Q; the discharge (m?) for a composite sample i during an event and C; the corresponding

concentration (mg ') of a water parameter (e.g. inorganic C, organic C and or total N).

Within each event, for each composite sample, the load for all water parameters was

calculated for each measurement station according to:

Lj = C; x Q;/1000 Eq. 2-5

where L represents the total N, inorganic C or organic C load (kg) for a composite sample j.
These calculations were done for both water sampling stations. The use of subscript i in Eq. 2-2
and Eq. 2-3 denotes the equidistant discharge measurements (10 min.) and the time period for the

composite sample respectively while j varies in accordance with flow proportional sampling.

The load for the irrigation component was estimated with the assumption that the
concentration of irrigation water equals the concentration of outflow, implying that all input
sources mix fully at the uppermost point of the stream segment between the two gages. This
approach was based on the observation that loads from overland flow in the lower part of the
stream segment contributed much less to irrigation water due to absence of favouring landscape
features (e.g. roads). Overall, the initial assumption holds, if the irrigation load is interpreted as
maximum possible load. With the same degree of uncertainty, the load of overland flow was
calculated by subtracting the loads of rain and reservoir outflow from the sum of the loads of
irrigation discharge and lower gage outflow. Event loads for each flow component where
calculated by summing up all composite sample loads within the event.

Using the average baseline concentration of organic C and total N in the irrigation water
measured before each rainfall event, the contribution of a rainfall event to the overall load at the

point of interest (e.g. upper gage, lower gage and irrigation water) can be calculated according

to:
Lirr,RO = Cirr,Ro X Qirr/looo Eq. 2-6
Dy = Lirr = Liyr,R, Eq. 2-7
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Liyy g, represents the cumulative baseline load (kg) irrigated during an event assuming baseline
(pre-event) concentrations Cjp g, (Mg 1) and event cumulated Q;,, (m®). D,, the difference
between L;. (Eq. 2-5) and Ly g, reveals the irrigation load (kg) , which can be attributed to

flow processes connected to the rainfall event, which can also be expressed as an event load

factor (%), when normalized by L.,

2.4.3.4 Mixed effects model

A general description of the different flow components and associated variation of total N,
inorganic and organic C concentrations and loads for all 25 events was obtained by using the
procedure Univariate in SAS v9.2 (Liu et al., 2004). The Spearman rank correlations between the
discharge of the different flow components, water level at the reservoir and the total N, inorganic
and organic C loads were calculated by running the procedure CORR in SAS. The results were
used to exclude correlated variables when developing the mixed effect model.

In order to extrapolate the contribution of the 25 sampled events on the irrigation water
diverted to the paddy fields between upper and lower gage and the load leaving the lower gage,
over the entire monitored season (May till September), a mixed effects model was built for total
N, inorganic and organic C using the procedure MIXED in SAS v9.2. Previous studies have
pointed out the linkage between load estimation and discharge components in natural rivers
using multiple linear regression or generalized linear models (Cox et al., 2008; Haggard et al.,
2003; Stenback et al., 2011). Filling time of a composite sample influences the load calculation
due to the effect of cumulative discharge fluctuations as the samples are taken flow
proportionally. Therefore the MIXED procedure was chosen in this study where filling time for
each composite sample was taken as a random effect. Within the model, reservoir level, average
rainfall intensity, cumulative irrigation discharge to the paddy fields, overland flow discharge
and discharge at the lower gage, were taken as fixed effects. As samples were taken flow
proportionally, there is a time dependency between the samples of one event. Therefore, all
samples taken within the event were treated as a repetition. The calculated loads for each water
parameter and discharge data were log transformed in order to obtain homogeneity of variance

and normal distribution of the residuals. The model used was:
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In(y) = u(xy, X3, X3, X4, X5) + € = @ + B1x; + PoXy + P3xz + Paxy + Psxs + € Eq. 2-8

where y is the total N, inorganic or organic C load (kg event™) of the irrigation water or passing
through the lower gage, respectively; a is the intercept; B, B, B3, P and [s the regression
coefficients; x, the average rainfall intensity (mm h') during bottle filling; x, the log
transformation of the cumulative discharge irrigated to the paddy fields between the upper and
lower gage (m?); x5 the log transformed cumulative overland flow; x, the log transformation of
cumulative discharge passing through the lower gage and x5 the water level in the reservoir
during the event (m). When evaluating the covariates at their means across the samples and
assuming log normality of y, the influence of rainfall on load contribution could be assessed by
comparing the predictions with the prediction when the average rainfall intensity (X;) and

overland flow (X3) equaled zero. Therefore the percent change can be estimated using:

R = yxlzfland X3= 23/5}x1=0 and x3=0 — e (Pr¥1+Ps%s) Eq. 2-9
Therefore,
Ckr =(R—1)x100 Eq. 2-10

with R the ratio between the prediction of the model Thus, all three covariates would be
evaluated at their means across the sample using the average of each covariate (X4, X,, X3, X, and
Xs) with (X; and X3 > 0) and without (x; and x3;= 0) rainfall for the same time period, a the

intercept, f;. f2, b3, P+ and fsthe regression coefficients and Cy the contribution of rainfall.

The confidence interval of 95% for the covariate parameter estimate (X; and X3) was
computed using the CL (confidence limit) statement in the mixed procedure. The calculation of
Cr and respective confidence interval computation was using the average of each covariate over
the 25 rainfall events in order to analyze the impact of the 25 events on the loads irrigated
towards the paddy fields and the loads passing through the lower gage. The functions from the
mixed effects model were used for estimating the loads for the entire period May till September

using the overall dataset containing rainfall, discharge and lake level.
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2.5 Results

2.5.1 Hydrological characterization of the subwatershed

Depending on the reservoir management, the discharge passing the upper gage varied between
0.01 and 0.34 m® s, while the irrigation discharge to the paddy fields and at the lower gage
fluctuated between 0 and 0.26 m® s™', and 0 and 0.30 m® s, respectively. For the measured
events, rainfall ranged between 0.2 and 30.7 mm with average intensities varying from 0.3 to

11.6 mm h™' (Table 2-1) and maximum intensities between 0.6 and 74 mm h™' (data not shown).

Table 2-1: Event mean concentration (EMC) (mg 1) for organic C and total N, total rainfall (mm),
average rainfall intensity (mm h-1), rainfall duration (min), rainfall amount of the event preceding the
measured event (pre-rainfall, mm), time between the rainfall event studied and the previous rainfall event
(time pre-rainfall, h) and total amount released from the reservoir into the irrigation channel (discharge
reservoir, m®) for all measured events at the two measurement stations (upper and lower gage).

Event Date  No.” R> Average Duration Discharge Time Pre-R° EMC organic C EMC Total N
(No.) (dd/mm) (mm) RI° R®  reservoir pre-R®  (mm) (mg 1" (mg 1™
(mm ™) (min) (m?) ()
Upper® Lower® Upper® Lower®
1 04/05 7/5 1.2 0.5 160 1016 70.5 3.7 5.1 6.2 2.1 2.5
2 05/05 10/12  20.7 11.6 110 3313 17.0 1.2 3.7 115.7 2.1 15.5
3 06/05 5/5 0.7 1.1 40 966 28.8 17.4 43 7.4 2.1 24
4 07/05 10/16 0.9 0.5 120 2679 20.0 0.7 3.6 5.1 22 2.6
5 09/05  10/12 12.0 10.3 70 1832 18.5 0.3 3.7 33.9 1.7 59
6 30/05  9/11 12.2 22 340 2749 92.0 0.2 4.2 9.3 1.8 2.9
7 31/05 5/6 0.2 0.3 40 1152 3.0 12.2 2.7 34 1.4 1.2
8 05/06 3/4 32 9.6 20 1119 8.2 6.4 4.1 6.6 1.8 23
9 05/06 5/7 18.8 5.6 200 1713 2.5 32 12.7 64.6 3.7 12.3
10 08/06 3/4 0.8 1.6 30 864 17.5 24 4.0 4.5 1.8 1.9
11 08/06  3/12 0.7 0.7 60 780 6.3 0.8 4.6 5.1 2.1 2.0
12 /06 712 223 7.9 170 2173 42.5 0.6 29.3 117.7 4.4 17.5
13 11/06 5/6 0.2 0.3 40 965 2.5 223 4.9 8.4 1.6 32
14 12/06 4/6 1.1 0.7 100 623 7.3 0.2 49 3.8 3.0 1.9
15 12/06 3/5 0.4 0.8 30 488 1.2 1.1 2.5 4.7 2.0 2.5
16 14/06  12/16  30.7 8.0 230 3680 6.3 32 17.5 68.6 4.6 10.3
17 15/06 5/5 1.3 0.8 100 1167 9.3 0.2 4.8 6.5 3.0 3.4
18 18/06 3/4 0.2 0.6 20 267 7.7 0.8 3.7 7.2 42 4.6
19 25/06 5/9 12.5 5.1 180 1657 37.2 4.0 3.6 14.0 53 6.3
20 27/06 3/6 1.8 3.6 30 244 36.3 0.5 33 4.6 4.8 5.1
21 27/06 3/5 0.7 0.5 90 303 1.0 1.8 33 4.4 4.7 4.6
22 03/07 9/6 1.7 1.8 120 2932 13.8 2.1 32 3.9 4.8 4.6
23 07/07 6/7 120 5.5 130 1478 15.5 28.1 5.9 34.4 5.1 8.8
24 30/08 4/4 231 8.2 170 9593 30.3 2.1 4.5 6.5 5.1 5.8
25 03/09 5/5 10.4 3.5 360 15311 80.5 23.1 4.7 4.4 5.1 5.2

*Number of samples taken per event at the upper gage and lower gage, respectively.
® R and RI referring to rainfall and rainfall intensity, respectively.
¢ Upper and lower referring to the upper and lower measurement stations along the irrigation channel, respectively.
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Depending on the rainfall duration and intensity of the 25 rainfall events, the contribution
of overland flow to total discharge in the irrigation channel varied between 0 and 46% with an
average of 12% (Figure 2-2). The contribution of direct rainfall captured by the surface of the
irrigation channel was found to be negligible (Figure 2-2). Events 3, 4, 7, 8, 11, 13, 15, 17, 18,

20 and 21 showed negligible overland flow discharge compared to the other events.
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Figure 2-2: Overview of the different flow components (%) entering (i.e direct rainfall, upper gage,
overland flow) and leaving the irrigation channel (i.e. irrigation between upper and lower gage, non-

irrigated discharge passing through the lower gage) during a rainfall event. Vertical bars at the top
represent the total rainfall (mm) for each event.

2.5.2 Hydrochemical characterization of reservoir and irrigation water along the channel

Throughout the entire measurement period and in absence of rainfall, the average baseline
concentrations found in the reservoir were 29.0 + 4.4 mg I', 47 + 12 mg 1" and
3.8+ 1.6 mg I"' for inorganic C, organic C and total N. Rainfall had an average concentration of
4.0 + 1.6 mg I"" inorganic C, 2.6 = 0.1 mg " organic C, and 1.1 + 0.1 mg I"' total N. A quick
response was observed of increased inorganic and organic C and total N concentrations at the

lower gage depending on rainfall intensity (organic C shown in Figure 2-3).
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Figure 2-3: Changes in flow components (m* s™) (top) and corresponding organic C concentrations
(mg I'") (bottom) for a high (Event 2) and low (Event 8) intensity rainfall event.

During rainfall events the quality of the water at the upper gage (inlet), coming from the
reservoir, fluctuated between 14.9 to 52.2 mg 1" inorganic C, 1.6 to 118.8 mg I organic C, and
1.2 to 23.0 mg 1" total N (Figure 2-4). At the lower gage (outlet) the water quality ranged
between 12.0 and 84.4 mg 1" inorganic C, 2.1 and 311.4 mg I"' organic C, and between 1.1 and
52.6 mg I"' total N. Fluctuation of inorganic C between the various samples taken within one
rainfall event was found to be limited for both gages as well as between gages. Additionally,
organic C and total N concentrations among the different samples, taken within a rainfall event,
showed a limited fluctuation at the upper gage compared to the lower gage (Figure 2-4). For
organic C, the event mean concentration (EMC) at the inlet (upper gage) ranged between 2.5
(Event 15) and 29.3 mg I"' (Event 12), while for total N values between 1.6 (Event 13) and 5.3
mg 1" (Event 19) were obtained (Table 2-1). At the lower gage, EMC ranged between 3.4 (Event
7) and 117.7 mg "' (Event 12) organic C, and between 1.2 (Event 7) and 17.5 mg I" (Event 12)

38

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fur den persénlichen Gebrauch.



total N. In general EMC concentrations at the upper gage were found to be lower than EMC

measured at the lower gage within the same event.

Inorganic C Organic C Total N
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Figure 2-4: Box plots of inorganic C, organic C and total N concentrations (mg I'") for all 25 events
monitored at the upper gage (top) and lower gage (bottom) with crossbars, boxes and whiskers giving the
median, quartile range and range respectively.

2.5.3 Flow components and their contribution to organic C and total N loads

The calculated loads strongly depended on the duration of the rainfall event and the amount of
water released from the reservoir and therefore passing through the upper gage. The events with
the highest average rainfall intensity also showed the highest load in organic C and total N in the
overland flow (e.g. Events 2, 5, 12 and 16) with the exception of Event 8 (Table 2-1 and Figure
2-5). Estimated overland flow loads for organic C, derived from the load balance, varied between
0 and 386 kg and for total N between 0 and 48 kg per event (data not shown). When summing up
the estimated overland flow loads, for the 25 rainfall events, coming from the surrounding 17 ha
of upland area which drained towards the irrigation channel between the upper and lower gage a

total of 188 kg of inorganic C, 1074 kg of organic C and 145 kg of total N was found.
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Figure 2-5: Separation of the total load in organic C (top) and total N (bottom) (kg event) for each event
into the contribution of the different in- and outflow components. The data are log), transformed. Vertical
bars at the top represent the average rainfall intensity (mm h™) for each event. Loads from direct rainfall
were negligible and hence not presented.

Based on the calculated organic C and total N load of the overland flow component for
each event, the average organic C / total N ratio was calculated. On average, the water released
from the reservoir had an organic C / total N ratio of 2 with a slight decreasing trend along the
season. The range of the ratio in the overland flow varied strongly among the 25 events

especially for the rainfall events with higher rainfall intensity (Events 2, 5, 9, 12, 16 and 23)
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where values up to 6.8 were found (Event 16). A significant linear relationship was found (R? =
0.82, p<0.001) between the organic C / total N ratio of the overland flow and the amount of
rainfall (Figure 2-6).
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Figure 2-6: Relationship between the estimated organic C / total N ratio of the overland flow and the
amount of rainfall (mm) compared to the organic C /total N ratio of the reservoir.

Rainfall characteristics and overland flow were strongly correlated among each other
(r = 0.82 — 0.99, p <0.001) (Table 2). Irrigated inorganic carbon was found to be weakly
correlated with the discharge at the upper gage (» = 0.26, p<0.001) and irrigated total N loads
were stronger correlated to the lake level (» = 0.43, p<0.001).
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The additional load irrigated to the paddy fields during rainfall events (Dj,.4) calculated using
Eq. 7 (Figure 2-7) showed that from all 25 monitored events, Events 2, 9, 12 and 16 contributed
most to additional irrigated organic C and/or total N loads to the paddy fields. The highest values
were found for Event 2 which showed an increase of 18 kg inorganic C, 130 kg organic C and 16
kg total N. During the rainfall events between 9 and 74% of organic C and total N loads found in
the channel (an overall average of 47%) were transported through irrigation water into the paddy
fields. At the lower gage between 26 and 91% of organic C and total N loads (an average of
53%) left the subwatershed monitored in this study (data not shown).
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Figure 2-7: Cumulative additional (to baseline) load (kg) of inorganic and organic C and total N irrigated
to the paddy fields during the 25 rainfall events.

The mixed effects model for the calculation of the irrigated loads for all three water parameters
showed a significant response to irrigation discharge into paddy fields between upper and lower
gage and rainfall intensity (Table 2-3). Overland flow had additionally an impact on organic C
and total N loads while the level of the lake was only of significant influence for total N. Similar
results were shown by the mixed effects model on the loads passing through the lower gage of
the studied subwatershed. For the irrigated as well as for the loads passing through the lower

gage, good predictions were found for each water quality parameter (Figure 2-8).
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Figure 2-8: Predicted vs. Observed loads of inorganic C, organic C and total N (In kg event™) irrigated to
the paddy fields (left) and passing through the lower gage (right) for all composite samples taken within
the 25 rainfall events.

However, a small trend was noticeable for higher loads pointing towards difficulty of the model
in predicting high loads of organic C and total N. Considering all 25 events, the estimated
contribution of runoff processes induced by rainfall on total load was minor compared to the
overall loads irrigated during dry weather periods (Table 2-4). For inorganic C, the contribution
of rainfall on total loads was estimated to be 0.04% (irrigated to the paddy fields) and 0.04%
(lower gage), for organic C 6.7% (irrigated to the paddy fields) and 6.6% (lower gage), and for
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total N 1.8% (irrigated to the paddy fields) and 1.8% (lower gage). Estimating the loads over the
entire period May till September 2008 resulted in an estimated irrigated load of 25.4 Mg
inorganic C, 5.5 Mg organic C and 4.6 Mg total N (Table 2-4).

Table 2-4: The contribution of rainfall events to the increase of inorganic C, organic C and total N loads
(%) irrigated to the paddy fields (irrigation) and at the outlet of the subwatershed (lower gage) for the 25
events and the total estimated loads (Mg) irrigated and passing through the lower gage in the overall
period (May- September).

Contribution of rainfall events (%) Estimated total loads May — Sep.”
Irrigation” Lower gage” Irrigation (Mg)* Lower gage (Mg)
Load inorganic C 0.04 (0.02-0.05)  0.04 (0.02-0.05) 254 (3.9) 23.8
Load organic C 6.7 (4.4-9.1) 6.6 (4.3-9.1) 5.5(0.8) 5.7
Load total N 1.8 (0.9-2.8) 1.8 (0.8-2.8) 4.6 (0.7) 4.7

*Loads are estimated applying the functions obtained by the mixed effects model (Table 2-3) on the entire dataset
May till September.

®The confidence interval (95%) of the contribution is given in parentheses.

“The estimated irrigated load per ha of paddy in parenthesis (Mg ha™)

2.6 Discussion

2.6.1 Effect of a surface water reservoir on C and N redistribution

The results of the mixed effects model showed that the majority of nutrients redistributed via the
irrigation channel to the lowland were mainly coming from the reservoir. Only for rainfall events
with maximum rainfall intensities higher than 15 mm h™', significant additional organic C and
total N loads were irrigated compared to the baseline loads. Thus, the rainfall-induced overland
flow draining towards the irrigation channel seemed to have a minor impact compared to the
loads released from the reservoir (Table 4). These results suggest that the surface water reservoir
acted as a major sink for inorganic and organic C, and for N transported from the surrounding
490 ha during erosive rainfall events to the reservoir. The contribution of rainfall events to the
irrigated nutrient loads will thus strongly depend on the management of crop fields surrounding
the reservoir thereby affecting the water quality and quantity of the reservoir. Therefore, the
reservoir played a dominant role in overall nutrient loads in irrigation water as it contributed >99,

93 and 98% of the irrigated inorganic C, organic C and total N loads. This also points towards

46

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fur den persénlichen Gebrauch.



the importance of irrigation management as it will influence the fraction and timing of these
nutrients distributed to the lowland during irrigation practices throughout the year.

The baseline concentration of organic C in the irrigation water, found in this study,
corresponded with concentrations found by King et al. (2009) and Poch et al. (2006) who
reported dissolved organic C values ranging from 2 to 5 mg 1" and dissolved organic N values of
2 mg I in a with surface water irrigated sunflower field in Sacramento Valley (California,
USA). Similar values for total N (1.2 mg I'") were found in the irrigation water studied in China
by Tang et al. (2008). In contrast, inorganic C was found to be much higher in this study
compared to the results of King et al. (2009) who found that inorganic C was negligible due to
the absence of carbonate-rich soils. The high values of inorganic C found in the irrigation water
in our study were due to the fact that the reservoir of the studied watershed was surrounded by
Karst mountains.

During rainfall events good model predictions were found for the irrigated loads as well as
the loads passing through the lower gage (Figure 8). The derived model parameters showed high
similarities with other multiple linear regression or generalized linear based models used for load
estimations (Cox et al., 2008; Haggard et al., 2003; Stenback et al., 2011). However, in this
study, the incorporation of lake level used for nitrogen load estimations was an important
addition in the model as the reservoir played a significant role in the redistribution of N.
Furthermore, when using composite sampling, the model showed that using the filling time as a
random effect improved predictions significantly. The established models were found to be
somewhat less accurate for high loads of organic C and total N in the irrigation water as well as
those in the water passing through the lower gage. In general, load estimations are highly
depending on monitoring period, sampling strategy and the load estimation method used (Johnes,
2007; Stenback et al., 2011). Overland flow discharge, as well as irrigated discharge, was
estimated using Eq. 2-3. As overland flow was absent in the model for the prediction of
inorganic C, it might suggest that the error in predicting overland flow could have had an
influence on the performance of the model towards organic C and total N load estimations. An
additional factor which could have played a role is the influence of the filling time in
combination with the available dataset which constituted out of a larger number of small
compared to high intensity rainfalls. Regarding the estimations of the irrigated nutrient loads, the

assumption of maximum concentrations (in Eq. 2-5) could contribute towards an overestimation
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of the simulated predicted loads. However, as the trend was visible within the predicted vs.
observed loads passing through the lower gage, it is believed that this error contribution was
minor. The assumption of maximum concentrations used in the irrigated loads calculations will
play a more important role when quantifying the overall irrigated load compared to the

individual model predictions.

2.6.2 Contribution of overland flow on the redistribution of C and N

Although the majority of the irrigated loads, within the overall measurement period originated
from the reservoir, strong rainfall events did significantly contribute additional quantities of
organic C and total N to the irrigation water due to draining overland flow (Figure 2-7). An
estimation of the total overland flow from the 25 events can be made when using the drainage
are of 17 ha, showing that the total organic C transported, via overland flow, into the investigated
irrigation channel segment was approximately 63 kg ha™. Overland flow accumulation is highly
dependent on rainfall characteristics, soil type, topology, land use fragmentation, and the size of
the draining catchment (Lopez-Tarazon et al., 2010; Pansak et al., 2010; Rémkens et al., 2002;
Valentin et al., 2008; Ziegler et al., 2004b). The effects of drainage area and soil type on
different non-point sediment sources draining as overland flow to the irrigation water were
demonstrated by the changes in organic C / total N ratio among the various events. Overall, the
estimated organic C / total N ratios of the overland flow were found to be higher than the organic
C / total N ratio of the water in the reservoir. Low ratios as observed in the reservoir (£2) are
likely to depend mainly on in situ production of C and N during decomposition in the reservoir
as aquatic plants are much poorer in C as compared to terrestrial plants (Beusen et al., 2005),
leading also to accumulation of mineral N, such as NH,". An increase of the organic C / total N
ratio up to 7 was found for the overland flow during higher rainfall intensity events (Events 2, 5,
9, 12 and 16) which denoted towards the drainage of non-point sediment sources from upland
areas into the irrigation channel. This suggests that particularly the contribution of organic C
during erosion events increases (probably particulate organic matter), leading to higher organic C
/ total N ratios. Similarly, Beusen et al. (2005) found that organic C / N ratios in rivers were
lower for less turbid waters (often lower than 8) and higher in more turbid waters (>10) pointing

to the drainage of soil erosion and terrestrial vegetation pools. However, the total amount of
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overland flow and the associated nutrient transport from the upland area feeding the reservoir in
this study area will be higher than the estimated portion of nutrients draining to the irrigation
channel due to the larger contributing area (490 ha vs. 17 ha). Although linear segments in the
landscape (e.g. unpaved roads), due to their lower hydraulic conductivity, significantly
contribute to convey runoff (Valentin et al., 2008; Ziegler et al., 2004a), a significant amount of
sediments and accompanying nutrients will be deposited before reaching the irrigation channel or
reservoir.

Comparison of the Event Mean Concentration (EMC) between upper and lower gage for
organic C and total N showed a clear response to rainfall intensity confirming that rainfall
induced overland flow can convey significant amounts of C and N from intensively cultivated
upland fields into the irrigation water. Although the effect of overland flow on EMC of organic
C and total N was highly influenced by rainfall characteristics, the relative increase in EMC
between the upper and lower gages was found in some cases to be additionally depending on the
amount of irrigation water released from the reservoir (e.g. Events 2 vs. 24). The amount of
irrigation water released from the reservoir was higher during Event 2 compared to Event 24,
which caused dilution of organic C and N loads deposited by overland flow although the rainfall
condition was comparable. Therefore caution is needed when assessing the impact of overland
flow on redistribution of nutrient loads as irrigation management (i.e. release of water from the
reservoir) plays an additional role in irrigated watersheds besides the known effect of climate,

drainage area, topography, soil and land use characteristics.

2.6.3 Contribution of irrigation water to C and N transport to paddy fields

Taking into account the irrigated paddy area, the amount of inorganic C load entering paddies
with the irrigation water between May and September was estimated at 3.9 Mg ha™, while the
irrigated organic C load only amounted up to 0.8 Mg ha" and the total N load up to 0.7 Mg ha™".
These values are higher than the ones reported by King et al. (2009) and Poch et al. (2006) who
found 0.03 Mg ha™' yr' and 0.02 Mg ha™ yr' of organic C, respectively and 0.07 Mg ha™ yr' of
total N. Their lower values partly could be due to the fact that their furrow irrigated fields were
not continuously irrigated throughout the cropping season and the values estimated in their study

reflected the total contribution of only four irrigation events. Secondly, as in this study maximum
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concentrations for overland flow were used when estimating the irrigated loads, the resulting
load values have to be considered as the maximum limit that one could expect to be irrigated.
Nevertheless, as less than 10% of the loads were derived from the overland flow draining
towards the channel it will have had only a minor impact on the overall load estimation. As often
two rice crops are established per year within the subwatershed and rainfall events were found to
play a minor role in overall estimated nutrient budgets within this specific watershed for 2008,
the total N, inorganic and organic C load irrigated in the watershed will be approximately double
of the amounts found in this study. When looking at sediment deposition in rice paddies, a clear
enrichment of organic C and total N was found along irrigated rice cascades creating a spatial
pattern with a positive effect on rice productivity ( Yan et al., 2010; Chapter 3 and 4). However,
as runoff from paddy fields were not within the framework of this study, the question remains
whether the entire irrigated C and N loads found in this study are deposited within the paddy
fields and can be seen as a net gain or are partly lost by other pathways such as runoff, leaching
or gaseous losses. Additionally, as irrigation management - and associated wetting and drying
cycles causes an increase of dissolved organic carbon content due to the stimulation of soil
microbial activity (King et al., 2009), labile C can be reallocated with the runoff water from
paddy fields (Ruark et al., 2010), or CO, and CH4 production can be enhanced (Kimura et al.,
2004). Indeed, results of Dung et al. (2009) indicated that a proportion of nutrients entering
paddy fields with the irrigation water might be lost into the downstream river system.

Often fertilizer recommendations are made for larger areas covering district or commune
level rather than catchment level. This study showed that the associated nutrient redistribution
through irrigation in intensively cultivated mountainous areas needs to be taken into account as it
could influence the indigenous nutrient supply of irrigated rice paddy fields and therefore would
contribute to the need of site specific fertilizer recommendation (Dobermann et al., 2003; King et

al., 2009).

2.7 Conclusion

The present study indicated that significant amounts of total N, inorganic and organic C were
reallocated to the lowland by irrigation water which was mainly influenced by the water quality

of the reservoir and the overland flow draining directly to the reservoir. Although, the additional
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contribution of overland flow along the channel on irrigated C and N loads was temporally
significant during intensive rainfall events it did not act as a major source of nutrients for paddy
fields. Thus, over the entire measurement period the reservoir contributed between >99%, 93%
and 98% of the irrigated inorganic C, organic C and total N loads to the lowland. As overland
flow is highly depending on rainfall intensity, probable higher extreme rainfall periods in the
future due to climate change, could induce even higher C and N flows draining into the reservoir.
However, the continuous soil degradation of intensively cultivated upland slopes in tropical
mountainous areas raises the question whether the quality and quantity of organic C and total N
contributions will decrease in the long term and become less favorable for the lowlands. Whether
the water nutrient contents will decrease or not in the future, this study shows that the
redistribution of C and N through irrigation water is highly influenced by management practices
and about half of the total nutrient load entered the paddy fields. This should be taken into
consideration when optimizing rice productivity in the lowland and developing site specific
fertilizer recommendations. Further research, however, is needed to estimate the final deposition
of C and N within the lowlands as the amount of C and N transported from the rice fields by
runoff especially during land preparation and heavy rainfall events or lost through volatilization

was beyond the scope of this study.
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CHAPTER 3

SEDIMENT INDUCED SOIL SPATIAL VARIATION IN PADDY FIELDS
OF NORTHWEST VIETNAM
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3.1 Abstract

The aim of this study was to assess the impact of various sedimentation pathways (flooding,
irrigation and runoff) on the spatial variability of soil fertility in rice paddy terraces in tropical
mountainous regions of Northwest Vietnam. Topsoil samples were taken during two subsequent
rice cropping seasons and analysed using a combination of diffuse reflectance mid infrared
spectroscopy and conventional lab analysis. A mixed model was used (i) to evaluate the spatial
variability among and within paddy cascades before planting in function of field position to the
main irrigation channel, and (i1) to assess the impact of various sediment deposition pathways on
soil nutrients and textural changes. The topsoil taken before planting contained on average 1.75 +
0.57 g 100 g™ soil organic carbon (SOC), 0.18 + 0.06 g 100g™ total nitrogen (TN) with silt being
the dominating soil fraction (0.68 + 0.11 g g"). Moderate sediment delivery of high quality
through the irrigation system resulted in a significant enrichment in lower lying paddies
following a linear trend for SOC (SOC (g 100g'1) = 1.4 + 0.02 Distance (m), R? = 0.31-0.62),
total nitrogen (TN (g 100g™) = 0.11 + 0.004 Distance (m), R? = 0.33-0.61) and a significant

2 This chapter has been reprinted from:

Schmitter, P., Dercon, G., Hilger, T., Thi Le Ha, T., Huu Thanh, N., Lam, N., Duc Vien, T., Cadisch, G., 2010.
Sediment induced soil spatial variation in paddy fields of Northwest Vietnam. Geoderma 155(3-4), 298-307,
(10.1016/j.geoderma.2009.12.014) with permission from Elsevier (Copyright © 2010). The original publication is
available at http://www.sciencedirect.com/science/article/pii/S0016706109004194.
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linear decrease in the sand fraction (sand (g g™') = 0.3 — 8 E Distance (m), R? = 0.28-0.48) with
increasing distance from the irrigation channel along the cascade. Comparison of the samples
taken before planting and after harvesting proved that the spatial variability in the topsoil was
induced by sediment deposition resulting in a decrease of 0.11 g 100g”" of SOC and
0.01 g 100g™ of total N and an increase of 0.02 g g of the sand fraction in paddies close to the
irrigation channel which received less nutrient rich sediment deposition. However, besides the
effect of sediment rich irrigation water, direct sediment depositions originating from the highly
eroded unfertile uplands or deposited during flooding events (typhoons) strongly decreased soil
fertility in the rice fields due to their low nutrient and high sand content. In conclusion, the
alterations and maintenance of soil fertility of rice fields depended on the balance of the various
sediment sources, i.e. quality and quantity, and is thus, strongly related to both upland
management and extreme weather events and irrigation practices. These findings are relevant in
the framework of site-specific fertilizer management by taking advantage of spatial variability in

soil fertility along cascades of rice paddy terraces in tropical mountainous regions.

3.2 Key words

Irrigation; particle size distribution; sediments; soil fertility; spatial variability; total nitrogen;

total organic carbon; Vietnam.

3.3 Introduction

In mountainous Northern Vietnam, an important agroecosystem is composite swidden
agriculture which integrates annual food crops, such as maize, cassava and upland rice, and
fallow in the uplands with permanent wet rice fields downstream of the catchment (Lam et al.,
2005). The cultivated land per person in Northern Vietnam is decreasing strongly due to
population pressure, so that continued deforestation and slash and burn practices on steep slopes
are common in order to expand the upland area (Wezel et al., 2002b). Thus fallow periods
become shorter and scarcer, with dominating continuous annual cropping systems in accessible
upland areas. Due to the decreasing duration of fallow periods and large nutrient losses through
erosion in the upland area, the composite swidden system is not considered sustainable anymore

(Dung et al., 2008). Consequently, land use intensification, especially annual monocropping
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systems, that have a low soil cover during their establishment phase (e.g. maize), induce severe
erosion on steep slopes, with presumably negative on- and off-site impacts on soil fertility,
related crop productivity and pollution of streams (Wezel et al., 2002b). While small and
moderate nutrient rich sediment deposition into downstream cultivated land might be beneficial,
large sediment delivery could rapidly become a damaging incident, burying the original fertile
soil under low quality sediments, silting up reservoirs, altering its hydrological behavior causing
water scarcity or flooding risk (Lantican et al., 2003). In Northern Vietnam 0.7 million ha are
under paddy -cultivation, of these 60% are located in hilly areas, on terraces forming
interconnected cascades, and hence are influenced by upland sediment deposits (Wezel et al.,
2002b; General Statistics Office of Vietnam, 2008).

Irrigation systems act as a sediment conveyor during strong rainfall events especially in
intensively cultivated upland areas (Gao et al., 2007). During erosion events, nutrients are
removed and, attached to eroded sediments, reallocated in the watershed (Dung et al., 2008;
Pansak et al., 2008). As suspended sediment, transport and deposition depend on water discharge
and particle size distribution, deposited sediments create patterns of spatial variability in soil
fertility downstream of the watershed (Gao et al., 2007; Mingzhou et al., 2007). Dobermann and
Oberthiir (1997) acknowledged the existence of temporal and spatial variability in soil fertility of
irrigated rice fields. Dobermann et al. (2003) linked spatial nutrient variability to climate and
crop management influencing the detachment, transportation and deposition of sediments and
nutrient balances of the fields, rather than solely to the nature of parent material and landscape
features such as topography.

Factors contributing to spatial variability depend strongly on the spatial scale. At field level
puddling is one of the main factors affecting the dynamic soil-water system by altering the
plough pan and therefore hydraulic conductivity and anaerobic conditions (Lennartz et al., 2009).
Besides the age of the rice fields and the linkage to the alteration of the plough pan (Lennartz et
al., 2009), internal runoff and deposition processes play a role at toposequence level (Dercon et
al., 2003; Homma et al., 2003; Dercon et al., 2006b). An increase of soil fertility, crop
productivity and an increase of water availability due to higher soil organic carbon and clay
deposits were linked with fields situated at the lower slope positions of a terrace sequence
(Homma et al., 2003; Tsubo et al., 2007; Boling et al., 2008; Riith and Lennartz, 2008). These

processes alter the soil chemistry of fields mainly at the footslope position (Tachibana et al.,
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2001) especially clay composition was altered and smectite genesis was induced (Prakongkep et
al., 2008).

At watershed level, the redistribution of nutrients through erosion-sedimentation processes
in upland — lowland areas and its impact on soil fertility in the lowland are too often neglected
(Mochizuki et al., 2006; Riith and Lennartz, 2008). Sediments could increase nitrogen use
efficiency of applied fertilizer by increasing cation exchange capacity, clay content and soil
organic matter (Mingzhou et al., 2007). Therefore, beside internal runoff and soil deposition
processes in rice paddies, it is important to understand the impact of external sediment
contributions as an additional source of nutrient deposits regarding specific fertilizer
recommendations for improving resource use and crop management. King et al. (2009)
demonstrated the importance of carbon and nitrogen transport by irrigation and runoff water in a
furrow irrigated field. According to their study, irrigation water enriched with sediments and
dissolved organic carbon resulted in a net increase in total C and N loads in irrigated fields.
Sediment deposits represent reallocated carbon in the landscape and due to their large variability
in irrigated fields furthermore play a significant role when discussing carbon sequestration in
intensively irrigated agroecosystems (Poch et al., 2006).

The purpose of this study was to understand the impact of different sediment
transportation-deposition systems related to intensive upland cultivation on the alteration of soil
fertility in and among irrigated and rainfed rice paddy cascades. Three sediment transportation-
deposition systems were considered: (i) irrigation water from the reservoir transported through
channels, (i1) direct runoff water from upland areas, and (iii) deposition of suspended sediments
and bed load from the stream during extreme flooding events. The study focused on the
assessment of spatial variability in soil organic carbon, total nitrogen and particle size
distribution induced along and among four cascades of paddy terraces of approximately 160 m
due to differences in quality and quantity from various sediment sources. The objectives of this
study were thus to assess (i) the spatial variability of soil properties at cascade and landscape
level, (ii) the alteration of soil organic carbon, total nitrogen and particle size distribution linked
to the type of the sediment deposition pathways (irrigation, flooding and direct runoff) and iii)

the effect of distance of the field from the irrigation channel on soil fertility.
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3.4 Material and methods

3.4.1 Experimental site

The present study was carried out from February until October 2007, during two rice cropping
seasons in the Chieng Khoi commune (350 m a.s.l., 21°7°60”N, 105°40°0”E) situated in the Yen
Chau district, Northwest Vietnam (Figure 3-1 a).

N Legend

a
) A ‘ Lower gage irrigation channel

A Upper gage irrigation channel
== |rrigation channel
o z
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Figure 3-1: a) Overview of the Chieng Khoi catchment with the location of the cascades (squares) of
paddy terraces along the irrigation channel b) Schematic representation of one cascade with the arrow
giving the flow direction and distance from the irrigation channel, NF referring to non-fertilized and F to
fertilized fields within the cascade.

The studied watershed of 2 km? has an average annual precipitation of 1200 mm (average
1998 — 2007) and is located in the tropical monsoon belt, characterized by a rainy season from
April until September (Figure 3-2). The area consists of steep upland hills (up to 86%) with silt-
fine sandstone and limestone as parent material. According to the WRB classification (Deckers
et al., 1998), Alisols and Luvisols are frequently occurring soil types in this area. At the time of
evaluation, upland areas were under intensive maize (Zea mays L.) and cassava (Manihot

esculenta Crantz) cultivation from March until December. On the other hand, the valley bottoms
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are characterized by anthraquic Anthrosols and used for paddy rice (Oryza sativa L.) production,

in some areas already for up to 200 years.

Spring rice Summer rice
‘ 2 I-‘- ‘ I{ T h‘

400 T T T T T T T T T 30

B Rainfall 1995-2007
1 Rainfall 2007 7
Temperature 1958-2007
—— =  Temperature 2007

e
300 7 - 25
- N

—
— o
- E
E 20 @
—" - o
3 200 £
E— L]
] —
m / I [ { ’

| I‘ ‘

.
N, |\

; _JJJLIELIMJILJLJI‘LJLJULL ;

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sept. Oct. Nov. Dec.

—
_|

(=]

Figure 3-2: Rainfall and temperature distribution in Yen Chau for 1998-2007 and for 2007. Standard
deviation for the rainfall from 1998-2007 is given by error bars. The arrows on top of the graph indicate
the three soil sampling times (before planting of the first rice crop, harvest of the first rice crop and
harvest of the second rice crop).

An extended open-channel irrigation system and a lake reservoir allow two rice cropping
seasons per year, one irrigated (spring crop; February/March — June/July) and another mainly
rainfed (summer crop; July — October/November). In case of temporary drought periods, the
reservoir is able to provide sufficient irrigation water also for the second summer crop. However,
due to the topography, gravitational irrigation is often not possible for those paddies located on
the higher terraces at the foot slope of the hills, where only one rice crop a year is cultivated
during the wetter summer period. In the studied watershed a total of 60 ha of rice fields can be
irrigated due to a combination of open-channel and river irrigation. There is a stream originating
from the Karst mountains which was dammed in 1962 and is now fed by the same reservoir of

the irrigation system.
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3.4.2 Sediment transportation-deposition pathways into paddy fields

Depending on the cropping season and field position in the landscape various sediment sources
contribute to the spatial variability among cascades. At the beginning of the first cropping
season, sediments entering the rice fields are mainly provided through the irrigation system. The
irrigation water had an average concentration of 2 mg 1" organic C and 1.5 mg 1" total N when
no rain occurred. During low intensity, short duration rainfall events
(< 25mm day™") organic C concentrations increased by a factor of 10 and total N by a factor of
1.25. During high intensity rainfall events (> 25 mm day™") factors up to 45 for organic C and up
to 7 for total N were recorded. However, during the rainy season additional sediments are
delivered to some of the rice fields besides the irrigation system. First of all there is the direct,
undiluted inflow from the cultivated area into the upper rainfed terraces due to water harvesting
techniques on the steep upland slopes in order to overcome temporary drought periods.
Secondly, as the irrigation reservoir is filling up in May — June due to successive rainfall events,
the reservoir spillover will start to work around July increasing the water level in the river. When
there are successive heavy rainfall events or even typhoons from July onwards, there is no buffer
capacity left in the reservoir resulting in a large increase in water height of the stream. This can
lead to flooding of adjacent fields which are under normal conditions 4 to 5 m higher than the
water level. The latter happened in October 2007 when the typhoon “Lekima” passed through,

before the summer crop could be harvested.

3.4.3 Experimental design

In order to analyze the impact of the effect of the various sediment pathways on soil fertility in
rice paddies, several cascades of rice paddy terraces were selected during participatory
workshops. The selected cascades were found to represent the overall paddy area in terms of
farmers practice (fertilizer application, weeding, transplanting, seed variety and land
preparation), overall soil fertility and water availability. Four irrigated paddy cascades with a
total of 1.6 ha (series of paddy terraces), located in two villages (Ban Me and Ban Put), with
varying lengths (67-170 m) were monitored in the watershed during the spring crop out of which

two were also monitored during the summer crop season (Figure 3-1 b).
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During the summer crop a rainfed cascade situated on top of Cascade 2 was additionally
monitored increasing the total cascade length. Selection of the position of the rice cascades in the
landscape was based on the flow pattern of irrigation water, overall cascade length and sediment
sources; (i) direct upland runoff (0 m to 55 m for Cascade 2) (Table 3-1), (ii) sediment rich
irrigation water (all fields in all cascades), and (iii) suspended sediments and bed load during
extreme flooding events (after 98 m for Cascade 1 and after 40 m for Cascade 4) (Table 3-1).
Cascade 2, 3 and 4 were irrigated through an earth channel whereas Cascade 1 received water
from a concrete channel (Table 3-1). All cascades followed a split plot design, with irrigation
direction as the main factor and fertilizer application as subfactor (Figure 3-1 c). The main factor
treatment was that every field in the cascades, except for the first field which was receiving
water from the irrigation channel, received irrigation water through a single inlet from the upper
field and drained via a single outlet to the next one. In case of the rainfed paddies no irrigation
water was applied and every field received, besides rainfall, runoff water from the field situated
on top. All fields were divided into two equal areas (in case of narrow fields a neighbouring field
was selected) resulting in two strips per cascade where the two subfactor treatments were: (i) no
fertilizer application (NF) and (ii) fertilizer (F) via split application according to local
recommendations resulting in an amendment of 213 kg N ha™', 150 kg P ha™ and 93 kg K ha™".
The aim of the subfactor treatment was to distinguish between the inherent spatial variability in
soil fertility induced by sediment deposits (NF strip) and soil fertility induced by farmers’
fertilization practice (F strip). All fields were planted with the same local sticky rice variety
(Oryza sativa L.) Nep 87 in both seasons. Before transplanting, fields were ploughed and
puddled by buffalo to a depth of 20 - 30 cm depth. In each season hand weeding was done twice.

3.4.4 Soil properties along the cascades

In order to monitor changes induced by past and recent sediment inputs, topsoil samples (0-5cm)
were taken after field preparation (before transplanting of rice) and after each harvest. Topsoil
samples taken before transplanting represented the tillage profile whereas the samples taken after
each harvest indicated possible changes in nutrients and texture due to recent sediment deposits.
Sampling was carried out at different distances from the irrigation inlet across the field,

perpendicular to the flow direction, dividing every field into four to eight bands depending on the
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field length. Independently of the field length, the first two meters from the upper and lower
border along the flow direction were always sampled. In each band, five to seven samples were
bulked together to obtain a representative sample. In total six to eight bulked samples were taken
in each field, per sampling time, depending on overall field length.

Exploratory soil information on the cascades was gathered by analyzing 32 samples taken
before transplanting. The samples were analyzed for pH(KCI) (1:1), Fe*” and Fe’" (Cadarinop
and Ocnina method) (Dung et al., 2001). Extraction for analyzing Fe*" concentration was done
using sulfuric acid and sodium ethanoate while the total extractable Fe content was obtained by
adding additionally hydroxin amin. The Fe containing solution was analyzed with a
spectrophotometer at 510 nm. Furthermore, 115 samples taken before planting were analysed for
CEC and K (ammonium acetate method), total nitrogen (combustion method,
Elementaranalysator EL, Elementar GmbH, Germany) and particle size distribution (laser
diffraction, Beckman Coulter LS 200 Series). Carbonates were quantified on the same 115
samples after acidification using the Scheibler method (Tatzber et al., 2007) and soil organic
carbon (SOC) was determined, after acidification (HCI) in order to eliminate the carbonates,
using the combustion method (Elementaranalysator EL, Elementar GmbH, Germany).

Mid-infrared Spectroscopy (MIRS), after proper calibration, has proven to be a useful tool
in processing large amounts of soil samples and providing reliable results on most soil properties
(van Groenigen et al., 2003; McBratney et al., 2006). Therefore, to complement the conventional
wet analysis on a subset of soil samples, Mid Infrared Spectroscopy (MIRS) was used to estimate
SOC, total N, inorganic C, silt and sand fractions of the remaining set of soil samples taken
throughout the cropping season by Partial Least Squares (PLS) regression analysis in OPUS v
6.5™ (van Groenigen et al., 2003). All soil samples were ball-milled and Diffuse Reflectance
Fourier Transformed DRIFT-MIRS analysis was performed on four replicates for each sample
with 16 scans per sample at a resolution of 4 cm™ within the range of 4000 to 600 cm™ by using
a Tensor 27 (Bruker GmbH, Germany). The PLS models were calibrated and validated through
the 50% test calibration option in the QUANT2 module of OPUS using the wet analysis results
of 115 topsoil samples. The performance parameters of the obtained PLS models are given in
Table 3-2. According to Pirie et al. (2005) a model is able to predict well in case the residual
prediction deviation (RPD) is higher than 3 which was achieved.
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After successful calibration and validation of the models, SOC, inorganic C, total N and
particle size distribution of all 727 samples were predicted separately for each parameter and

sampling period. The clay fraction was calculated from the silt and sand fraction.

Table 3-2: Overview of the MIRS models established after calibration and validation of the Mid Infrared
Spectra using conventional wet analysis for each soil parameter.

Parameter (Unit) Optimization Rank  R? RMSEP RPD Bias
Inorganic C (g 100g™")  No preprocessing 5 95.7  0.170 4.87  0.0002
SOC (g 100g™) First derivative and multiple 6 914  0.204 349  0.0010

scattering correction

Total N (g 100g™) First derivative and multiple 5 91.6 0.018 347  0.0006
scattering correction

Silt (g g™) First derivative and multiple 8 90.3  0.051 3.22  0.0015
scattering correction

Sand (g g") First derivative and multiple 6 89.6  0.061 3.11 0.0013
scattering correction

Rank = number of vectors used in the partial least square regression, R? = coefficient of determination, RMSEP =
root mean square error of prediction, RPD = residual prediction deviation, and Bias = systematic error.

Additionally X-Ray diffraction (50mA, 33kV) was performed on topsoil samples using a
Bruker D500 in order to analyze the type of the clay minerals. Results were derived using the
software Diffrac AT v3.3 (1993, Socabim, France). In order to reduce the amount of samples and
to qualitatively determine the clay mineral composition only Cascades 1 and 2 were analysed as
they covered the three investigated sediment pathways (irrigation: Cascade 1 and 2, undiluted
runoff: Cascade 2 and flooding: Cascade 1). In total 20 topsoil samples, taken before planting

from the middle position of each field situated in Cascades 1 and 2 were analysed.

3.4.5 Statistical analysis on spatial variability

A first indication of variability in soil properties (pH, CEC, K, Fe’’, Fe*", SOC, inorganic C,
total N and texture) within and between cascades was obtained through descriptive statistics
using the Univariate procedure in SAS v8 (Cody and Smith, 2006) for the dataset obtained

before planting. Variability was considered low when the coefficient of variation (CV) < 10%
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and high when > 90% (Wei et al., 2008). To assess the enrichment of soil fertility in the cascade
with increasing distance from the irrigation channel, regression analysis was performed for each

sampling time. In order to compare the different cascades relative SOC was calculated:

50C,; = SOCi]-/ISOC].
Eq. 3-1

where SOC,; is the relative SOC content in cascade j, SOC;; is the SOC content (g 100g™) at
distance 1 (m) from the irrigation channel and Isocja the intercept of the regression function

between the distance of cascade j and the SOC content of cascade j.

In order to assess the factors influencing the historical spatial variability within and
between cascades a mixed model was built on the data set of the soil samples taken before
transplanting. The Proc Mixed procedure of the SAS software was applied to the entire dataset
before planting using the predicted values obtained from the validated MIRS models in order to
analyze the historical variance of SOC, inorganic C, total N and texture in the landscape and the
influence of the distance from the irrigation channel. The mixed model consisted out of village,
cascade, irrigation (as rainfed paddies are not irrigated), fertilizer application (NF or F), distance
from the irrigation channel (distance) and field (influenced by farmers practice) as fixed effects.
The effect of village was added to assess possible differences of farmers’ practices in the past
and landscape position effects. Furthermore, in a second mixed model, the impact of sediment on
soil fertility within and among cascades was assessed by implementing the sampling time as a
fixed effect. In the second model the three datasets predicted by using the validated MIRS
models from the topsoil taken before planting and after each harvest were combined. For each
soil parameter, variance consistency and normal distribution of the residuals was checked. In
case the variance of the residuals was consistent and normally distributed no transformation was

needed. Inorganic carbon needed to be transformed by taking the square root.
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3.5 Results

3.5.1 Exploratory analysis of soil properties

The irrigated Cascades 1, 2, 3 and 4 contained on average 0.88 + 0.69 g 100g™, 0.09 + 0.09 g
100g™, 1.66 + 1.26 g 100g™" and 0.62 + 0.40 g 100g™ inorganic C, respectively. SOC amounted
on average to 1.72 + 0.50 g 100g™, 1.98 + 0.35, 2.38 + 0.63 g 100g” and 1.38 + 0.31 g 100g™
whereas total N was 0.22 + 0.06 g 100g™, 0.17 + 0.03 g 100g™", 0.2 £ 0.07 g 100g" and 0.19 +
0.04 g 100g™ in the irrigated Cascades 1,2,3 and 4, correspondingly. The irrigated cascades on
average contained 0.69 + 0.10 g g, 0.74 £ 0.04 g g, 0.74 £ 0.03 g g and 0.53 £ 0.07 g g silt
whereas the sand fraction resembled on average 0.16 + 0.13 g g, 0.11 +0.04 g g, 0.10+0.04 g
g and 0.37 £ 0.09 g g for Cascades 1, 2, 3 and 4, respectively (data not shown). On average
the irrigated and rainfed cascades contained 0.64 + 0.85 g 100g™" inorganic C, 1.75 + 0.57 g
100g™ SOC, 0.18 + 0.06 g 100g™" total N and 0.19 + 0.13 g g’ sand with silt being the dominant
textural soil fraction at 0.68 + 0.11 g g’ (Table 3-3).

Table 3-3: Summary of variability in soil fertility of the topsoil samples of the four cascades of rice paddy
terraces (including flooded fields and rainfed paddies), using conventional lab analysis.

N* Max Min Mean Median SD*® CV (%)*
pH(KCI) 32 7.90 5.00 7.15 7.60 0.94 13 (1-7)
K (mg k™) 115 1883 323 96.2 92.1 382 40 (9-27)
CEC (cmol kg™) 115 1643 3.91 9.53 9.85 223 23 (7-26)
Fe*'/Fe’" (mg k™) 3232 18.0/349  030/1.0  6.0/23.4  4.6/262  4.5/9.6  74/41 (31/16-86/75)
SOC (g 100g™) 115 3.46 0.84 1.75 1.69 0.57 33 (15-29)
Inorganic C (g 100g") 115 3.30 0.00 0.64 0.29 0.85 134 (65-138)
Total N (g lOOg_l) 115 0.33 0.09 0.18 0.18 0.06 31 (15-38)
Clay (g g) 115 020 0.07 0.13 0.14 0.03 24 (5-25)
Silt (g ¢ 115 0.83 0.40 0.68 0.71 0.11 16 (5-15)
Sand (g &) 115 0.52 0.01 0.19 0.14 0.13 68 (24-81)

N number of observations, SD standard deviation, CV coefficient of variation. CV values based on the dataset at
landscape level and its range among the different cascades (in parenthesis).

The upper rainfed fields of Cascade 2 (0-60 m) had a negligible inorganic C content
(average 0.06 + 0.02 g 100g™), lower pH, CEC, Fe*", SOC (average 1.80 + 0.19 g 100g™), total
N (0.12 £ 0.02 g 100g™), clay and higher K, Fe'* concentrations as compared to the irrigated
fields of Cascade 2 (60-170 m) (data not shown in Table 3-3). Comparable with the irrigated rice
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fields, the silt fraction was the dominated soil fraction amounting to 0.71 + 0.07 g g whereas the
sand fraction resembled 0.0.19 + 0.07 g g on average (data not shown).

Moderate to high variability in soil properties was found among the irrigated cascades
using the results obtained from the conventional lab analysis before planting. The coefficient of
variation (CV) varied from 15-29 % for SOC, 65-138%for inorganic C and 24-81% for sand
between the various fields along the cascades (Table 3-3). Similar ranges of variability in soil

parameters within rice fields were found by Riith and Lennartz (2008) and Wei et al. (2008).

3.5.2 Spatial variability of soil fertility at cascade level before transplanting

In Cascades 2 and 3 inorganic C, SOC, total N and finer soil particles (clay and silt) increased
linearly towards the end of the cascade whereas sand declined with increasing distance from the
irrigation channel (Figure 3-3 and 3-4). The linear trend towards the end of the cascade was
stronger for Cascade 2 as compared to Cascade 3. Statistical analysis using the mixed model
before transplanting showed a significant effect of the distance in the cascade to the irrigation
channel, especially for SOC (p<0.001) and total N (p<0.001) (Table 3-4). The regression
functions of distance effect on soil properties, obtained for Cascades 2 and 3, were linear and
significant for all measured soil properties (Table 3-5). Analysis of the topsoil taken before
planting using X-ray revealed kaolin domination in the smaller clay fraction and a higher quartz
content in the upper rainfed fields and their content decreased towards the lower fields in
Cascade 2 (data not shown). Besides kaolin, higher quantities of feldspars and lower Fe*" and
higher Fe*" and K concentrations were found on the upper rainfed fields compared to the
irrigated fields in Cascade 2. However, Cascades 1 and 4 located in Ban Put did not exhibit such
a linear trend regarding the spatial distribution of soil fertility but had a rather quadratic response
with increasing distance from the irrigation channel for all (Table 3-5). Hence, Cascade 1
showed a decrease of inorganic C, SOC, total N, clay and silt and an increase of the sand fraction

after 60-70 m from the irrigation channel and after 40-50 m for Cascade 4 (Figure 3-3 and 3-4).
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Table 3-4: Temporal and spatial variability in soil fertility in the topsoil of paddy soils at cascade and

landscape level.

Soil parameters (Pr> F)°

SOC Inorganic C°  Total N Sand Silt Clay

Mixed model before planting® (df)

Vill (1) 0.384 0.020 0425  0.677  0.105  0.020
Casc (vill) (2) <0.001 <0.001  <0.001 <0.001 <0.001 <0.001
Irr (vill x casc) (1) 0.982 0.003 0.166  0.4845 0.553 0.130
Fert (irr x vill x casc) (5) <0.001 <0.001  <0.001 <0.001 <0.001 0.013
Field (fert x irr x vill x casc) (37) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Distance (vill x casc) (4) <0.001 0.004  <0.001 <0.001 0.033 0.003
Mixed model over time® (df)

Vill (sampl) (5) 0.062 <0.001 0.211 0.011 0.245 0.036
Casc (village x sampl) (2) <0.001 <0.001  <0.001 <0.001 0.002 <0.001
Irr (vill x casc x sampl) (2) 0.714 0.058 0.407 0.827 0.242  <0.001
Fert (irr x vill x casc x sampl) (10) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Distance (vill x casc x sampl) (8) <0.001 <0.001  <0.001 <0.001 0.003 0.003
Sampl (vill xcasc x irr x fert x field) (87) <0.001 <0.001  <0.001 <0.001 <0.001 <0.001

*Vill = village, Casc = cascade, Irr = irrigation or rainfed, Fert = fertilizer application, Field= field within the
cascade, Sampl = sampling time (before planting, after first harvest, after second harvest), df = degree of freedom

between brackets and Pr the probability.

PRoot square was taken for inorganic carbon

Table 3-5: Regression between soil organic carbon (SOC, g 100g™), total N (%) and sand (g g') content
of paddy soils and the distance along the cascade at different sampling times in function of distance to the

irrigation channel (D).

Cascade Sampling Equation R?adj /R?*
1 Before planting SOC=1.72+0.02 D —2.00 E* D? 0.45%%*
Total N=0.13+2.00 E® D-1.69 E®D? (.36 ***
Sand=0.21-4.80 E® D +4.29 E®D? 0.31 ***
After harvesting second crop  SOC = 1.77 +3.37 E®” D —3.00 E* D2 0.44 *x*
Total N=0.14+ 1.80 E® D - 1.72 E®D? (.27 ***
Sand=0.27 - 6.10 E® D + 6.68 E® D2 0.47 ok
2 Before planting SOC=1.12+630E” D 0.62 ***
Total N =0.09 + 6.00 E* D 0.61 ***
Sand =0.22-9.00 E* D 0.28 **x*
After harvesting second crop SOC =1.01+6.70 E® D 0.58 ***
Total N = 0.08 + 6.00 E* D 0.54 *xx*
Sand =0.24 - 7.00 E” D 0.14 **
3 Before planting SOC =1.68+0.03 D 0.31 ***
Total N=0.13 +3.15E% D (.33 sk
Sand=0.37-535E% D 0.48 ok
4 Before planting SOC=1.72+0.02D-1.70 E* D2 0.46 ***
Total N=0.13+223E® D-1.80 E®D? (.50 ***
Sand=0.18 - 5.12 E® D +4.96 E® D? 0.42%%%

* With confidence interval a = 0.5, *** ** and * indicate significance p < 0.001, 0.01 and 0.05 levels, respectively.
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Similar to Cascade 2, the X-ray results for Cascade 1 revealed higher quartz peaks in the

fields having a higher sand content and kaolin dominated the clay fraction (data not shown). Soil

properties (i.e. inorganic C, SOC, total N and texture) in the NF and F strips showed the same

trend in the relationship regarding their position in each cascade but were not fully identical

(Figures 3-3 and 3-4, Table 3-5).

4 4
® NF;Radj= 0.817"
3 ¢ F;Radj= 0.88"* .
2
2
1
1 ® NF: Radj=0.45"
0 o F; R*adj=0.48"*
4 4
3 3
-]
g 1
D ( | EeRsEEELEACR o | ® NFR=062"
o 2 =] o F;Re=082"*
o / e "
c o &0
s 3 =2 co 9/6
: S L
c 2 o
= @ , .
1
1
0 NF; R?adj= 0.88" ® NF; Radj= 0.84"
4 o F; R®adj= 0.80" 4 0 F; R%adj= 0.85
® NF;R%adj=0.82""
3 o F;Readi= 0.41% 3 .
o @
2 (]
o'y
2| s &
1 [}
1
0 ® NF; Radj= 0.54*
0 o F;Read= 023"

0 30 60 90 120 150 180

Distance (m)

0 30 60 90 120 150 180

Distance (m)

Total N (g 100g™")

0.4

0.3

0.2

0.1

0.4

0.3

0.2

0.1

0.4

0.3

0.2

0.1

0.4

0.3

0.2

0.1

0.0

® NF; R%adj= 0.36™"
o F; R*adj= 0.66"*

Distance (m)

Cascade 1
® NF;R*=0.52***
o F;R=0.71%
Cascade 2
Cascade 3
® NF; R%adj= 0.88"**
O F;R?adj= 0.80%**
e NF; R%adj= 0.60***
o F; R%adj= 0.20*
ne Cascade 4
O
o o%.
(]
0 30 60 90 120 150 180

Figure 3-3: Relationships between inorganic C, soil organic carbon (SOC) and total N content of the
topsoil before transplanting for non-fertilized (NF) and fertilized (F) strips in paddy fields and the
distance from the inlet of the irrigation channel (Distance) for all cascades. ***, **and * indicate

significance at p <0.001, 0.01 and 0.05
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Figure 3-4: Relationship between sand, finer (clay + silt) soil fractions of the topsoil before transplanting
and distance from the inlet of the irrigation channel (Distance) for non-fertilized (NF) and fertilized (F)
strips in paddy fields; as well as soil organic carbon (SOC) content in function of the finer (clay + silt)
soil fraction for non-fertilized (NF) and fertilized (F) strips for all cascades. ***, ** and * indicate
significance at p < 0.001, 0.01 and 0.05 levels, respectively.
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