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Chapter 1 General Introduction 
The work presented in this thesis was funded by the Deutsche 

Forschungsgemeinschaft (DFG) within the framework of the Collaborative Research 

Centre (Sonderforschungsbereich) SFB 564 “Sustainable Land Use and Rural 

Development in Mountainous Regions of Southeast Asia - the Uplands Program”. The 

objective of the Uplands Program was to make a scientific contribution to the 

conservation of natural resources and the improvement of living conditions of the 

rural population in mountainous regions of Mainland Southeast Asia. The program 

combined 18 subprojects with 10 disciplines involved ranging from soil, plant and 

animal sciences to economics and sociology. The work of the presented cumulative 

PhD thesis was conducted within the subproject C4.1 which aimed to examine the 

impact of intensification on land use dynamics and environmental services in tropical 

mountainous watersheds of Northern Thailand and Northern Vietnam. 

 

1.1 Background of study 

In Mountainous Mainland Southeast Asia, changes in land cover and land use systems 

are one of the most pervasive threats to ecosystems ability in maintaining and 

providing functions and services for local populations, such as food and fibre 

production, soil fertility, and carbon sequestration to name only a few (Thomas et al., 

2002; Valentin et al., 2008; Wezel et al., 2002). Especially for environmental 

managers and local populations, questions arise how the future likelihood of land 

cover and land use change will impact ecosystem functionality at the meso-level such 

as watersheds. In this case, assessment approaches are needed that acknowledge the 

local heterogeneity of land use systems at different temporal and spatial scales to 

support environmental management decisions and to provide implications for policy 

design (Jakeman et al., 2006; Laniak et al., 2013). Given the complexity and multi-

disciplinarity of land cover and land use change, dynamic and spatially-explicit 

modelling tools have been used to describe and examine the impact of land cover and 

land use change on ecosystem functionality in recent years. These models are 

employed to represent patterns and process relationships of land use change as a 

function of the underlying biophysical and socioeconomic driving forces (Veldkamp 

and Lambin, 2001; Verburg, 2006; Wainwright and Mulligan, 2004). Dynamic and 

spatially-explicit models have become important impact assessment approaches as 

they can mechanically connect and/or replicate local ecosystem dynamics over a 

network of points or grids, offering for example the analysis of hydrological upland-

lowland interactions. However, trade-offs have to be also considered as dynamic and 
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spatially-explicit models require substantial amounts of data for calibration and 

validation, especially problematic in data-limited environments such as Mountainous 

Mainland Southeast Asia (Berger et al., 2006; Lusiana et al., 2011; McIntosh et al., 

2011). Hence, this thesis deals with the development of new modelling approaches 

and application procedures to better understand the impact of land cover and land use 

change on ecosystem functions under data-limited conditions using three mountainous 

watersheds in Northern Thailand and Northern Vietnam as case study areas. 

 

1.2 Dynamics of land use and land cover change 

1.2.1 Terminology 

Landscape is the prime sphere where the combined effects of society and nature 

become visible. As societies and nature are dynamic, changes in land cover and land 

use are an inherent characteristic of landscapes (Bürgi et al., 2004). Land cover refers 

to the observed biophysical cover of the attributes of earth’s surface and its immediate 

subsurface, including biosphere, topography, surface, groundwater, and man-made 

structures. In contrast, land use is characterized by the management people undertake 

in a certain type of land cover to ‘change, exploit or maintain it’ (Jansen and Di 

Gregorio, 2002). For the purpose of this study, the term land use is equally applied in 

the following chapters referring to land use and land cover simultaneously. 

 

1.2.2 Current trends in Mountainous Mainland Southeast Asia 

Mountainous Mainland Southeast Asia constitutes approximately one-half of the land 

area of Cambodia, Laos, Myanmar, Thailand, Vietnam and Yunnan Province of China 

(Fig. 1.1). The area has witnessed an increasing frequency of land use change over the 

past decades being predominately driven by government interventions and market 

forces, although changes in land use were not uniform (Leisz et al., 2009). In some 

parts of the region, cooperative farms and state-managed enterprises were dissolved 

and individual land holding certificates were issued. Examples of these types of 

changes were for example described by Castella et al. (2005) and Sikor and Truong 

(2002) for the case of Northern and North-western Vietnam. In other areas, such as 

Cambodia and parts of Laos, upland areas were depopulated or people were displaced 

from their village area (Fox and Vogler, 2005). Especially in the case of Northern 

Thailand, government-led policies and development strategies were major land use 

change drivers enforcing local farmers to shift from swiddening to cash crop 

production systems, such as horticultural systems, fruit tree plantations, and 

greenhouses. Other reasons can be also found in increasing market opportunities, such 
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as the expansion of maize cultivation areas in Son La Province, North-western 

Vietnam (Keil et al., 2008; Wezel et al., 2002), or the spread of rubber plantations in 

Yunnan Province, Southern China (Ziegler et al., 2009). 

 

 

Figure 1.1 Location of case study sites in Mountainous Mainland Southeast Asia 
(light grey area); dark grey areas refer to Chiang Main Province, Northern Thailand, 
and the region of Northern/North-western Vietnam (based on: Fox and Vogler, 2005). 

 

1.2.3 Impact on ecosystem functions in Northern Thailand and Northern 

Vietnam 

Changes in land use have important implications for a range of issues such as 

biogeochemical cycling, biological diversity, soil conditions, water and sediment 
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flows, and the provisioning of natural resources for humans in general (Table 1.1). 

Impacts of land use change on ecosystem functions are scale-dependent. For example, 

land use change may influence local environments by the degradation of soil fertility 

through continuous mono-cultural cropping and an associated increase in soil erosion, 

while other impacts extent far beyond the location they arise, e.g. emissions of carbon 

dioxide caused by deforestation effecting carbon cycling on a global-scale (Foley et 

al., 2005). Not all land use change impacts are irreversible while others may overlap 

and reinforce each other (DeFries et al., 2004). Many if not most land use change 

impacts are associated with ‘positive’ influences such as the continues increase in 

food and fibre production, resource use efficiency, livelihood security and the well-

being of humans in general (Lambin et al., 2003). Contemporary influences on 

ecosystem functions can be clearly associated with undesirable ‘negative’ influences 

reducing the ability of environmental systems to support human needs (Odum, 1994). 

 

Table 1.1 Examples of ecosystem functions altered by land use change. 
Ecosystem function Role of landscape in 

providing function 

Example of altered function 

with land use change 

Biological diversity  Habitat for plant and 

animal species 

Forest conversion increase 

habitat fragmentation 

Climate regulation Sequester greenhouse gases 

by biogeochemical cycling  

Tropical deforestation 

releases carbon dioxide to 

atmosphere 

Ecosystem goods  

(food, fibre, wood) 

Primary production for 

human appropriation 

Conversion to cropland 

increases fraction 

appropriated for human 

consumption  

Provision of freshwater Regulates flow of water to 

streams 

Urbanization  increases 

tendency of flash floods 

from storm runoff 

Soil fertility  Replenishes soil nutrients Increased soil erosion from 

clearing depletes fertility 

(adapted from: DeFries et al., 2004) 

 

Land use change has been very influential on the ability of ecosystem’s to provide 

functions for local populations in Northern Thailand and Northern Vietnam. Studies 
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by Bruun et al. (2009), Fröhlich et al. (2013), Rerkasem et al. (2009), Thomas et al. 

(2002) and Ziegler et al. (2009) provide good overviews of the most common impacts 

currently in action. The following sections discuss some of the most prominent 

impacts for the case of Northern Thailand and Northern Vietnam. 

 

1.2.3.1 Reduction of carbon sequestration potential 

Land use is an important control of terrestrial above- and below-ground carbon 

storage, responsible for large carbon fluxes in and out of the terrestrial biosphere 

(Canadell, 2002). In case of Northern Thailand and Northern Vietnam, the expansion 

of cropping areas on the expense of forest areas, and the conversion of traditional 

fallow-swiddening systems into permanent croplands has been a major driver of 

landscape’s decreasing role to sequester atmospheric carbon dioxide. According to 

Thomas et al. (2002), forest coverage has decreased in Northern Thailand from 68.8 to 

43.1% during the period of 1960 to 1998, whereas farm land and other non-forest land 

use systems increased from 11.1 and 20.2% to 27.5 and 29.4%, respectively. Sikor 

and Truong (2002) reported similar trends for a study area in North-western Vietnam 

where forest areas declined by 72% compared to shrublands and upland cropping 

fields which increased by 10.3 and 83.8% during the period of 1952 to 1997.  

The conversion of forests and fallow-swiddening systems into other land use forms 

results in a reduction of above-, and below-ground carbon pools (Bruun et al., 2009; 

Lal, 2004). Based on a review of 250 studies by Ziegler et al. (2012), estimates of 

above-ground carbon in Southeast Asia were as high as 400 Mg ha-1 in case of 

primary forests and as low as 1-2 Mg ha-1 in permanent croplands. Yuen et al. (2013) 

reviewed more than 150 studies of below ground carbon estimates in Southeast Asia 

and found soil organic carbon (SOC) pools in a range of 1-4 Mg ha-1 for permanent 

croplands and up to 112 Mg ha-1 SOC in case of none-disturbed primary forest soils. 

In return, the provisioning of long-term carbon sinks is directly related to the 

protection of forest reserves, increase of above-ground carbon (AGC) stocks through 

woody vegetation and an improved management of SOC.  

In case of Northern Thailand and Northern Vietnam, land use change trajectories that 

can foster the build-up of long-term carbon sinks are for example the (re-)conversion 

of permanent croplands to tree-based land use systems such as plantations, orchards, 

agroforestry-based and the (re-) establishment of intermediate to long-term 

swiddening systems (Bruun et al., 2009; Ziegler et al., 2012). 
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1.2.3.2 Increasing water-induced soil erosion 

Water-induced soil erosion is regarded as one of the major environmental damages in 

sloping areas of Southeast Asia with dramatic consequences on soil fertility and water 

availability (Lal, 2004; Valentin et al., 2008). Sloping areas, especially those with 

inclination levels steeper than 20% are prone to land degradation by runoff-driven soil 

erosion. As regional headwater catchments comprise 60-80% of the cumulative length 

of river networks in Southeast Asia, land use changes in headwater areas can have 

important implications for downstream areas (Thomas et al., 2002).  

In case of Northern Thailand and Northern Vietnam, the continuous conversion of the 

traditional swiddening farming systems into mono-cultural cropping systems such as 

maize or vegetables has increased water-induced soil erosion rates tremendously 

(Valentin et al., 2008). Turkelboom et al. (2008) estimated tillage erosion rates of 386 

Mg ha-1 a-1 and inter-rill and rill erosion rates of 502 Mg ha-1 a-1 in farming areas with 

an average of 30-70% slope inclination levels for a study site in Chiang Rai Province, 

Northern Thailand. Tuan et al. (2014) estimated soil erosion rates of up to 111 Mg ha-1 

for maize-based farming systems in steep sloping environments (53-57%) of North-

western Vietnam, and concluded that under the local environmental conditions very 

high ground cover rates and minimum tillage practices would be needed to keep soil 

erosion rates low. Podwojeksi et al. (2008) examined the impact of land use change 

and vegetation cover in a study area in Hoa Binh province, Northern Vietnam and 

found difference of soil detachment rates of more than 50% between cassava and 

fallow-based surface cover regimes. Disturbances of surface coverage, especially 

throughout the rain season, not only increase the risk of water-borne soil erosion at 

plot-scale, but also foster the evolution of off-site effects such as increasing sediment 

delivery loads to lowland paddy fields (Schmitter et al., 2010), or to stream networks 

and water reservoirs (Thotong et al., 2011). A study by Dung et al. (2008) revealed 

that a continuous reduction or abandonment of fallow periods poses a serious threat to 

the long-term sustainability of swiddening systems in Northern Vietnam substantially 

increasing soil erosion and associated nutrient losses during crop cultivation periods. 

Valentin et al. (2008) examined runoff and sediment losses of 27 upland catchments in 

Southeast Asia (Indonesia, Laos, Philippines, Thailand, and Vietnam) and concluded 

that (i) regional soil erosion patterns are predominantly influenced by land use rather 

than environmental characteristics not only at the plot-scale, but also at the catchment-

scale, (ii) continuous cropping of maize and cassava promotes high soil erosion rates 

at the catchment-scale, and (iii) soil conservation techniques are efficient in reducing 

runoff and total sediment yield at the catchment-scale. The results of Valentin et al. 
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(2008) further suggested that a failure to adopt appropriate land use management 

strategies will result in further rapid resource degradation with potential negative 

impacts on downstream ecosystems and communities. 

 

1.2.3.3 Soil fertility decline 

Soil fertility is a manageable soil property and its management is important for 

optimizing crop nutrition on a short- and a long-term basis simultainously to achieve 

sustainable crop production (Blanco and Lal, 2008). Soil fertility is a complex 

attribute of soils, and combines biological, chemical and physical properties, all of 

which affect directly or indirectly nutrient dynamics and availability (Lal, 2004). Soil 

fertility decline, also referred to as ‘soil productivity decline’, is a deterioration of 

these soil properties, with the main contributing processes triggered by (i) a decrease 

in soil organic matter and soil biological activity, (ii) degradation of soil structure and 

loss of other soil physical qualities, (iii) increase in toxicity due to acidification or 

pollution, (iv) reduction in availability of major nutrients (N, P, K) and micro-

nutrients, and (v) the occurrence of water and/or wind erosion (Morgan, 2005).  

In case of Northern Thailand and Northern Vietnam, several authors have examined 

the impact of land use change and land use intensification on the decline of soil 

fertility. Wezel et al. (2002) estimated that more frequent cropping activities on lower 

and mid-slope positions were responsible for decreases in maize and cassava yields 

given increased mineralisation and crop exports at different study sites in Son La 

Province, North-western Vietnam. In the case of Son La Province, Clemens et al. 

(2010) further demonstrated that as a result of maize and cassava production systems, 

soils on middle and lower slopes were more often affected by soil erosion, whereas 

foot-slopes suffered from sedimentation of eroded infertile sub-soil material. In 

Northern Thailand, Turkelboom et al. (1999) examined the impact of tillage erosion 

given by a change in farming practices and land use systems. On-site effects of tillage 

practices were very pronounced with respect to parcel length, dominant cropping 

system (upland rice, maize, cabbage), and the amount of weeds, whereas long-term 

effects led to soil fertility decline and a reduction in infiltration capacity. Turkelboom 

et al. (1999) recommended the shift to perennial cropping systems to stabilise topsoil 

properties and to improve soil organic carbon contents. Especially the maintenance of 

SOC is closely linked to soil quality, and hence soil fertility, with SOC serves a key 

determinant of soil structure, further enhancing water infiltration, and reducing the 

risk of soil erosion (Young, 1997). 
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1.3 Modelling the impact of land use change on ecosystem functions 

1.3.1 General concepts 

Modelling tools can be used to understand the underlying causes and consequences of 

land use change, and can offer implications for environmental policy design and 

decision-making processes (Koomen and Stillwell, 2007). The modelling process 

itself as well as the results may lead to new insights or guide further analysis of land 

use change processes. In this perspective, models can be understood as ‘extensions of 

thought experiments where the necessary and contingent implications of theories can 

be examined’ (cf. Koomen and Stillwell, 2007). With a land use change model, the 

functioning of a land use system can be explored through ‘what-if’ scenarios and 

alternative land use configurations based on policy decisions or societal developments 

can be examined. Projections can be used as an early warning system of the effects of 

future land use change on ecosystem functions and to pin-point hot-spots that are 

priority areas for in-depth analysis or interventions. Such exploratory and projective 

capacities allow models to be also used as a communication and learning environment 

for stakeholders involved in land use management (Voinov et al., 2008; Voinov and 

Bousquet, 2010). 

Given the complexity of land use systems, no single model can capture all causes of 

land use change, nor is there a single theory that can be drawn to describe the land use 

change system in all its facets (Hersperger et al., 2010; Verburg, 2006). Reviews 

presented by Agarwal et al. (2002), Briassoulis (2000), Matthews et al. (2007), and 

Parker et al. (2003) provide good overviews of the variety of modelling approaches 

currently in use. There is no universally accepted typology of land use models, given 

the diversity of approaches apparent. A general distinction can be drawn along 

temporal and spatial dimensions as well as the level of decision processes involved: 

 

 Dynamic and Static: Static (or cross-sectional) models directly calculate the 

situation at a given point in time, whereas dynamic models work with 

intermediate time-steps, each of which might become the starting point for 

calculating the subsequent situation (Koomen and Stillwell, 2007). Dynamic 

models take possible developments during the simulation period into account, 

providing the possibility to better mimic actual (spatial) developments. 

 Spatial dimensions: In relation to the spatial level of detail, zones/polygons or 

grids/raster are used. Zones are relatively homogenous, often irregularly shaped 

areas of vector polygons, e.g. socioeconomic or administrative regions that not 

explicitly must have a functional coherence. Grids on the other hand, are the 



Chapter 1  General introduction 

10 

collections of (mostly square) cells defined in a regular raster pattern that are 

often commonly used in geographical information systems (GIS) (Agarwal et 

al., 2002; Houet et al., 2009; Seppelt et al., 2009). A distinction can be further 

drawn by the way to model spatially heterogeneous environments. Models may 

represent landscapes either as single lumped, or semi-distributed entity with the 

latter one representing clearly identifiable units such as watersheds. On the 

other hand, fully distributed models break the modelling landscape/space into 

discrete units, often as square cells or rasters (Mulligan and Wainwright, 2004). 

 Agent-based and Cellular-automata: Agent-based models recognize that land 

use change is a result of a decision made by an ‘agent’, such as individuals, 

groups, or other entities being responsible for land management decisions 

(Koomen and Stillwell, 2007; Verburg, 2006). In their simplest form, agent-

based models simulate decision-making processes of agents, with complexity 

emerging as a result of interaction among agents, not necessarily requiring a 

spatially-explicit dimension (Berger, 2001; Berger and Schreinemachers, 2006; 

Matthews et al., 2007; Parker et al., 2003). Cellular-automata approaches by 

contrast are grid-based landscape models in which each landscape cell state 

evolves according to transition rules, with transition rules determined from a 

cell’s history and the state of the cells in a surrounding neighbourhood (Sohl 

and Claggett, 2013). 

 Deterministic and Probabilistic approaches: Deterministic approaches employ 

strict cause-effect relations, whereas probabilistic approaches consider the 

probability of land use change occurring at a specific location. The specialty of 

the second approach is the introduction of an element of uncertainty. A type of 

land use is attached to a specific location based on an estimated probability, 

rather than following a straightforward deductive approach. In some cases, an 

error term is added to express the uncertainty in the explanatory variable 

(Briassoulis, 2000). 

 

1.3.2 Dynamic and spatially-explicit approaches 

Dynamic and spatially-explicit models represent a special section of land use change 

simulation approaches as they mechanically connect and/or replicate local ecosystem 

dynamics over a network of points or grids by using a continuous time step. These 

models focus on agent-based or biophysical interactions or combine a mixture of both. 

Dynamic and spatially-explicit models have been increasingly used to assess the 

impact of land use change on ecosystem functions at different spatial and temporal 
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scales (Hou et al., 2013; Wenkel et al., 2008). In the case of Mainland Southeast Asia, 

and in particular Northern Thailand and Northern Vietnam, only a small number of 

modelling tools have been currently employed or tested to assess the impact of land 

use change on ecosystem functions. 

The Water, Nutrient and Light Capture in Agroforestry Systems Model 

(WaNuLCAS) was used by Pansak et al. (2010) to examine the soil erosion 

mitigation potential of different soil conservation treatments in maize-based farming 

systems of Northern Thailand. WaNuLCAS was designed to represent above- and 

below-ground interactions of trees, soil and crop at plot-level in simultaneous and/or 

sequential systems (van Noordwijk and Lusiana, 1999). It simulates these interactions 

on a daily time-step separating a soil profile into four layers, and dividing a case study 

area into four spatial zones. Given these detailed representation of the biophysical 

environment, WaNuLCAS can be regarded as a high-input data demanding model, as 

it requires daily inputs of climate-related information (rainfall, temperature, humidity) 

and detailed biophysical parameterisation datasets for crop and tree development 

stages, as well as plant-specific nutrient requirements (van Noordwijk et al., 2004). 

The Land Use Change Impact Assessment (LUCIA) model (Marohn and Cadisch, 

2011) also represents a high-input modelling approach, but has the advantage to 

WaNuLCAS to allow the simulation of larger spatial entities such as mountainous 

watersheds of up to 30 km². LUCIA consists of five modules, namely hydrology and 

soil water, soil nutrients, organic matter decomposition, plant growth, land use and 

management options (https://lucia.uni-hohenheim.de/). Ayanu et al. (2011) used 

LUCIA v1.0 to examine the trade-offs between surface-water regulations and crop 

production using different land use change scenarios in a small watershed of Northern 

Vietnam. Marohn et al. (2012) coupled LUCIA v1.2 with the Mathematical 

Programming-based Multi-Agent-Systems (MP-MAS) Model v3.0 (Berger, 2001) to 

assess low-cost soil conservation strategies for a commune in North-western Vietnam. 

At a larger scale such as river basins, Thanapakpawin et al. (2006)  used the 

Distributed Hydrology Soil Vegetation Model (DHSVM) to assess the impact of land 

use change on hydrological flow regimes at the regional scale of Northern Thailand. 

The DHSVM model focuses on stream flow forecasting and hydrological effects of 

land use change for drainage areas of up to 10,000 km². It simulates sub-daily time 

steps at an hourly rate, requiring fine-scaled meteorological input data and other 

biophysical information. 

At the regional-scale of Northern Thailand, Trisurat et al. (2010) coupled the 

Dynamic and Conversion of Land Use Effects’ (Dyna-CLUE) model (Verburg et al., 
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2006) with the Global Biodiversity Model framework (GLOBIO3) (Alkemade et al., 

2009) to assess the impact of land use change on biodiversity. Compared to the 

previously presented models, the data demands of Dyna-CLUE are rather moderate, 

but similar to LUCIA and DHVSM, Dyna-CLUE requires specific spatial information 

to represent the biophysical environment, such as soil or stream network maps. Dyna-

CLUE further needs other spatial information of distances to road or villages to 

simulate the likelihood of land use change for a certain land parcel. 

Common to all presented models is the compartmentalization of the modelling 

framework into either sub-modules and/or flows relying for example in case of 

WaNuLCAS on a graphical model building environment such as Stella (www.hps-

inc.com) or routines and procedures in a ‘high-level’ computer programming language 

such as PCRaster (www.pcraster.geo.uu.nl) in case of LUCIA. The software PCRaster 

is a good example of a spatial modelling language which can be used generically to 

handle a variety of applications. The software is a pseudo-code interpreter, which 

provides the modeller with high-level functions of cartographic (GIS) and dynamic 

modelling routines that links parameters or variables to raster grid maps, further 

linked with flow directional maps. Especially the latter one is interesting as it allows 

the simulation of transport processes such as runoff-driven soil erosion along 

topographical gradients of watershed areas (van Deursen, 1995; Wesseling et al. 1996; 

PCRaster, 2012). 

 

1.3.3 Model user categories and good-practice protocols 

The increasing need to use land use modelling tools in areas such as Mountainous 

Mainland Southeast Asia implies the need for a wider awareness of what constitutes 

good model-practice, including reporting of modelling results to users and policy 

makers (Jakeman et al. 2006; Sohl and Claggett, 2013). Depending on the scope of 

model usage and output information demands, three types of stakeholders can be 

distinguished (Rizzoli and Young, 1997): 

 The environmental modeller (also defined as the ‘system analyst’) who want 

to develop and apply models. The system analyst needs to access a wide body 

of knowledge, and needs to be able to organise, modify and restructure it. This 

person defines the problem domain for the respective model application. 

 The environmental manager (also defined as the ‘decision maker’), who needs 

“ready to use” models. Models are usually integrated in environmental decision 

support systems to avoid distraction with the technical details of modelling and 
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simulation. The decision maker works in a problem domain determined by the 

models provided by the system analyst. 

 The environmental stakeholder, such as conservation or recreation groups, or 

landholders, wants to understand the responses of different parts of the system 

under proposed management decisions. They are often less technically 

knowledgeable than the decision maker, and often want more insight into the 

decision making process. For these users, the functions of education, 

demonstration and explanation are very important too. 

 

 

Figure 1.2 Conceptual loop of modelling process and land management decisions 
(adapted from: Jakeman et al., 2006; Refsgaard et al., 2007). 

 

Although there is common interest of all stakeholder groups to understand the 

potential consequences of land-use decisions before those decisions are made, 

different stakeholder-related impact pathways have to be considered. An impact 

pathway can be described by a hierarchy of constraints, where in order to achieve 
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impact, constraints at higher spatial levels, i.e. national level may need to be removed 

to achieve results at lower levels, i.e. sub-national and local. Vice versa, constraints at 

lower levels can impede interventions at higher spatial scales (Douthwaite et al., 

2007).  

The diversity in stakeholder goals drives the diversity in preferred methodologies, 

model characteristics, and methods for communicating simulation results. Modellers 

often tend to focus on exercises based on scientific inquiry, whereas decision makers 

rather focus on outcome and strategy-driven results (Leenhardt et al., 2012). Hence, 

employing application protocols and good-practice guidelines that can support the 

modelling process are advisable. According to Refsgaard et al. (2007) and Jakeman et 

al. (2006), a ‘good modelling practice’ can be discretized into five stages by (i) 

defining model purpose, (ii) data and conceptualization, (iii) model set-up or 

development, (iv) calibration and validation, and (v) simulation and uncertainty 

assessment. Recommendations for decision making process can occur at all five 

stages, potentially leading to policy development and interventions (Fig. 1.2). This 

further includes a clear statement of the modelling exercise clients, and a fully 

adequate reporting of all stages mentioned, sufficient enough to allow informed 

criticism by internal and external bodies (Sohl and Claggett, 2013).  

In case of multi-/agent-based models, Grimm et al. (2006) proposed a standard 

modelling protocol, further referred to as ODD protocol entailing three blocks of 

elements, namely ‘Overview’, Design concepts’ and ‘Details’. The three blocks have 

to further include elements such as defining model purpose, state variables, scales and 

inputs, among others. The basic idea of the ODD protocol is to always structure the 

information about a model in the same sequence that context and general information 

is provided first (Overview), followed by more strategic considerations (Design 

concepts), and finally more technical details (Details). Such a generic structure would 

not only help the modeller to structure its modelling exercise, but can also help other 

stakeholders for example to compare different modelling approaches in a consistent 

manner. Other advantages of such standardization is an increased transparency of 

modelling concepts and codes, with the ultimate goal not only to support 

environmental decision making processes, but also the transformation of modelling 

results into practical implications (Laniak et al., 2013). 

 

1.3.4 The need of validation 

The need to evaluate a model’s performance relative to the common understanding 

and observations of the land use system in focus has resulted in many different 
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approaches and much debate on the identification of appropriate techniques. One 

reason for the continuing debate is that performance measurement is intrinsically case-

dependent (Bennett et al., 2013; McIntosh et al., 2011). According to Rykiel (1996), 

validation means that a model is acceptable for its intended use because it meets 

specific performance requirements. Rykiel (1996) recommended that before validation 

is undertaken, (i) the purpose of the model, (ii) the performance criteria, and (iii) the 

model context must be specified. Criteria must be explicitly stated to describe how 

model performance is tested in accordance to the predefined validation sequence 

(Jakeman et al., 2006). Calibration on the contrary refers to the process of creating a 

model such that it is consistent with the data used to create the model. In many cases, 

datasets used for modelling are split into two separate subsets, referred to as 

calibration and validation data, respectively (Verburg et al., 2006). In the case of 

spatial modelling, the concept of data division can include a separation in temporal 

and spatial subdivisions. For example, instead of segmenting a single set of time 

domain data only, a set of spatial data can be removed for testing, such as leaving out 

one gauge at a time in case of testing a distributed hydrological model (Bennett et al., 

2013). Environmental modellers are constantly facing trade-offs between model 

complexity and validation accuracy. A simple model approach results in an increased 

ability to evaluate components and model simulation, a higher complexity follows the 

desire to mimic process complexity in more detail. The trade-offs lie in between both 

extremes, as model calibration and data requirements increase with higher process 

complexity, whereas simpler approaches may result in decreased statistical robustness 

(Crout et al., 2009). A promising pathway is a mixture of different validation 

approaches such as statistical and graphical measures that yield answers of a model’s 

predictive quality at different temporal and/or spatial dimensions (Costanza, 1989; 

Loague and Green, 1985). As pointed out by Jakeman et al. (2006), model 

performance evaluation is just one step of iterative model development. Evaluation 

results may indicate whether additional studies are necessary, for example if 

performance is unsatisfactory, then different data, calibration procedures and/or model 

structures should be considered. With satisfactory performance on the other hand, one 

may also evaluate whether simplification or other modification would entail 

significant performance loss (Bennett et al., 2013). 

 

1.3.5 Integration of stakeholder knowledge 

The emerging use and application of qualitative approaches in environmental 

assessment studies have opened new opportunities to integrate stakeholder’s 
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knowledge into the modelling process (Castella et al., 2005; Voinov and Bousquet, 

2010). Especially the epistemic uncertainty of land use change calls for participatory 

and context-sensitive research (Neef et al., 2006; Pahl-Wostl, 2007). The 

incorporation of local knowledge and local stakeholder’s perspectives by participatory 

research into science-based modelling approaches can enhance the opportunity to 

identify locally viable implications for environmental management and decision 

support. Different forms of participatory modelling approaches are currently in use. 

For example, Bousquet et al. (1999) proposed a ‘companion modelling’ concept based 

on the development of models together with stakeholders and researchers to simulate 

land management scenarios. Within this approach, the collaborative development of 

simulation models is a learning process that leads participants (including researchers) 

to explain and share opinions regarding management options (Barreteau et al., 2007; 

Souchère et al., 2010). Applications using the companion modelling framework 

predominately relied on Multi-Agent Systems (MAS) theory to develop the related 

simulation model. In such an approach, the most important issue is not the solution 

itself, but the process leading to it (Lagabrielle et al., 2010). Other assessment 

concepts used different forms of participatory rural appraisals (PRA) to obtain a rapid 

overview of land use history and geography (Castella, 2009), or employed role-play 

games to examine (local) negotiation processes in ecosystem management (Pak and 

Brieva, 2010). Common for all those approaches is the involvement of local 

stakeholders with their knowledge of the local conditions and circumstances. 

Especially in data-limited environments, participatory approaches can have their 

advantages compared to a ‘traditional’ model calibration-validation approach as the 

lack of long-term data records is often seriously limiting the applicability of 

simulation models in areas of Moutnainous Mainland Southeast Asia (Ritzema et al., 

2010). 

 

1.4 Justification of study 

In mountainous Northern Thailand and Northern Vietnam, land use change dynamics 

and the accompanied unsustainable use of natural resources has increased water-borne 

soil erosion, threatens the maintenace of soil fertility and ability of landscapes to serve 

as long-term carbon sinks. In these vulnerable and transient landscapes, there is an 

urgent need to assess the long-term impact of land use change on these ecosystem 

functions to offer decision support for environmental management and policy design. 

When comparing the different modelling approaches currently in use, dynamic and 

spatially-explicit land use change modelling tools can examine the impact of land use 
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change on ecosystem functionality as a function of the local biophysical and socio-

economic driving forces. In case of Northern Thailand and Northern Vietnam, 

conflicting conservation, agricultural and land use policies, as well as human 

pressures on forest resources and a range of economic factors currently limit the 

sustainability of ecosystems functions. The use of dynamic and spatially-explicit land 

use modelling approaches can be therefore beneficial to illustrate local resource use 

conflicts in a spatially-explicit manner and to pinpoint to land degradation hotspots for 

further indepth investigations or management interventions. However, the challenge 

of developing and using dynamic and spatially-explicit land use change models lies in 

their embedded complexity, requiring substantial data for model calibration and 

validation. This can be especially problematic in data-limited environments such as 

Northern Thailand and Northern Vietnam. The use of modelling tools has further to 

fulfil both environmental modeller and stakeholders expectations in terms of model 

output validity and implications for decision support. Especially the latter one requires 

dialogue across disciplines or areas of knowledge domains, e.g. scientific vs. local 

knowledge.  

Until now, not much research has been conducted to use the implicit knowledge of 

stakeholders to create modelling input datasets, and to use this information for 

baseline plausibility checks to test for example the decline of soil fertility in 

environments such as Mountainous Mainland Southeast Asia. In case of Northern 

Thailand and Northern Vietnam, to date only a small number of studies have 

successfully employed dynamic and spatially-explicit modelling tools to explicitly 

assess the impact of land use change on ecosystem functions such as soil erosion, soil 

fertility decline and carbon sequestration. With this gap of scientific knowledge, the 

presented study is scientifically relevant as it not only addresses the future impact of 

land use change on ecosystem functions in Northern Thailand and Northern Vietnam, 

but also the challenges in applying dynamic and spatially-explicit land use change 

modelling tools in data-limited mountainous watersheds of Southeast Asia in general. 

 

1.4.1 Guiding hypotheses 

The guiding hypotheses addressed in this cumulative thesis are: 

 The impact of land use change threatens local ecosystem ability to mitigate soil 

erosion, maintain soil fertility and provide long-term carbon sinks in 

mountainous watersheds of Northern Thailand and Northern Vietnam. 

 Given their high input data demands, current modelling approaches face 

challenges to simulate the local complexity of land use change and its effects 
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on carbon sequestration, soil fertility and soil erosion in Northern Thailand and 

Northern Vietnam. 

 Qualitative information derived from participatory processes can be used to 

calibrate a land use change model and to improve the understanding of the 

local impact of land use change on soil fertility in North-western Vietnam. 

 The combination of participatory scenario development, geographic 

information systems and dynamic and spatially-explicit modelling can be an 

effective way to provide guidance for future carbon sequestration strategies at 

watershed-scale in Northern Thailand. 

 The coupling of a newly developed soil erosion and sediment deposition model 

with a corresponding mechanistic vegetation and land use change model offers 

an integrated representation of hydrological, geophysical and vegetation factors 

in a dynamic and spatially explicit environment and does not necessarily lead 

to an increased input data demand. 

 

1.4.2 Case study objectives 

The overall aim of the presented study was to examine the impact of land use change 

on carbon sequestration, soil erosion and soil fertility by using dynamic and spatially-

explicit modelling approaches under data-limited conditions in three mountainous 

watersheds of Northern Thailand and Northern/North-western Vietnam. In particular, 

the study examined: 

 if qualitative information and semi-quantitative datasets derived from 

participatory processes could serve as inputs to parameterize the soil fertility 

module of the FALLOW (Forest, Agroforest, Low-value Landscape Or 

Wasteland?) model (van Noordwijk, 2002), and if the combination of 

information obtained from stakeholders and model scenario analysis could 

generate new insights into the local complexity of land use change as 

exemplified for a case study watershed in North-western Vietnam, 

 if aggregated-quantitative datasets derived from field measurements and 

literature sources could be used to examine the impact of land use change on 

above-ground carbon stocks by coupling simulation outputs of the Dyna-CLUE 

(Dynamic and Conversion of Land Use Effects) model (Verburg et al. 2006) 

with a carbon stock accounting procedure for a case study watershed in 

Northern Thailand, 

 if the newly developed ERODEP (Soil EROsion and sediment DEPosition) 

model further coupled with the LUCIA (Land Use Change Impact Assessment) 
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model (Marohn and Cadisch, 2011), can quantify the impact of land use change 

on soil erosion and sediment deposition patterns in a dynamic and spatially-

explicit fashion for a small case study watershed in Northern Vietnam. 

 

1.4.3 Structure of thesis 

The presented model investigations were performed as a set of simulation 

experiments, focusing on the impact of land use change and related management 

strategies on soil fertility, above ground carbon and the mitigation potential of soil 

erosion in three different mountainous watersheds of Northern Thailand and Northern 

Vietnam. The simulation experiments were carried out under data-limited conditions 

from short (1 to 4 years) to mid-term (20 years) scenario periods employing the 

FALLOW (van Noordwijk, 2002) (Chapter 2), Dyna-CLUE (Verburg et al., 2004) 

(Chapter 3), and LUCIA (Marohn and Cadisch, 2011) (Chapter 4) models. Common 

to all three studies is that modelling components were further linked or coupled with 

newly developed approaches to derive model input data based on a participatory 

assessment procedure (Chapter 2), soft-coupled with a carbon stock accounting 

procedure (Chapter 3), or hard-coupled with a newly developed process-based soil 

erosion and sediment deposition simulation approach (Chapter 4). The general 

discussion in Chapter 5 discusses the findings of this cumulative PhD thesis and 

elaborates the potentials of using land use change models in data-limited 

environments such as Northern Thailand and Northern Vietnam. Further aspects in the 

general discussions refer to the necessity to increase stakeholder participation during 

the modelling process and to provide a set of recommendations to use dynamic and 

spatially-explicit models for decision support in areas such as Mountainous Mainland 

Southeast Asia. Summaries (in English and German) finalize the presented cumulative 

thesis. 
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Abstract 

In this article we investigate if qualitative soil fertility datasets derived during 

participatory processes can be combined with a corresponding land use change model 

(i) to improve the understanding of the social-ecological complexity of land use 

change and (ii) to allow testing of alternative scenarios even in data-poor 

environments. To test this hypothesis, a participatory assessment approach was 

combined with the spatially-explicit, soil fertility-driven FALLOW (Forest, 

Agroforest, Low-value Landscape Or Wasteland?) model. For a case study village in 

Northwest Vietnam, participatory evaluations with two age groups of farmers were 

employed in an iterative way to derive qualitative and quantitative model input data to 

test scenarios of current and improved management on upland soil fertility evolution 

with FALLOW. The indigenous colour-based soil quality classification was 

successfully integrated into the Trenbath FALLOW soil module. The model baseline 

scenario was validated by calculating the goodness-of-fit of model outputs with land 

cover maps (Ft=0.78) from remote sensing. Model scenario analysis suggested a 

masking effect of ongoing soil fertility decline by use of fertilizers and hybrid crop 

varieties, indicating a resource overuse that becomes increasingly irreversible without 

external interventions. Simulations further suggest that success of introduction of 

improved cropping management methods becomes less effective with increasing soil 

degradation and cannot fully restore initial soil fertility. We conclude that the coupled 

semi-quantitative approach is useful at the village level, as it generated meaningful 

insights into local land use change dynamics without the need for long-term and data-

intensive studies. 

 

Keywords 

Integrated assessment, stakeholder knowledge, land use model, soil fertility 

 

2.1 Introduction 

Changes in land cover and land use are an inherent characteristic of landscapes (Bürgi 

et al., 2004). Whereas land cover comprises the observed biophysical attributes of the 

earth’s land surface (Lambin et al., 2003), land use is defined by the purposes for 

which humans exploit the land cover (Di Gregorio and Jansen, 2002). In this paper we 

use the term land use to represent land use and land cover simultaneously. Variations 

of land use change are determined by space and time at the interface of biophysical 

environment, socioeconomic activities and culture. Land use change driving factors 

with long turnover times condition the boundaries of environmental sustainability, 
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whereas factors with short turnover times can result in drastic changes of ecosystem 

functioning (Newell et al., 2005; Schoorl and Veldkamp, 2001; Walker et al., 2004). 

Land use models represent land use systems as a function of their biophysical and 

socioeconomic driving forces. They can be used to explain causes and consequences 

of land use dynamics through scenario building (Veldkamp and Lambin, 2001; 

Verburg, 2006). In the mountainous areas of Northern Vietnam, a rising population 

and emerging market for agricultural produce resulted in the expansion of agricultural 

production areas at the expense of local resource degradation (Rambo, 1997; Vien, 

2003). Previous land use change modelling studies in these areas elucidated the 

diversity of present land use systems from commune to district levels through 

empirical, questionnaire-based GIS studies (Castella et al., 2005a; Lentes, 2006) or 

agent-based approaches (Castella et al., 2005b; Castella and Verburg, 2007). 

However, in such an erosion-prone environment, it is important to take into account 

the degradation of soil fertility as a key factor of plant production. Furthermore, 

conventional soil fertility assessment methods are laborious and expensive (cf. 

Schuler et al., 2006; Neef, 2008). Here, a land use model is a useful tool to assess 

feedback mechanisms and causal relationships at the human-environment interface 

following the assumption that a landscape is a social-ecological system where 

modelling approaches can support management activities (Argent, 2003). 

The epistemic uncertainty in environmental assessments calls for participatory 

approaches to modelling and context-sensitive research. Participatory research can 

incorporate local knowledge and local stakeholders’ perspectives into science-based 

modelling approaches to enhance the opportunity to jointly identify solutions for 

environmental problems, such as soil degradation (Haag and Kaupenjohann, 2001; 

Neef et al., 2006; Pahl-Wostl, 2007). Schuler et al. (2006), for instance, compared soil 

maps derived by participatory or soil chemical analysis, respectively. They concluded 

that the integration of local soil knowledge and knowledge of local cropping practises 

with scientific soil classification allowed for a rapid and cost-saving compilation of 

information for land-evaluation purposes at the sub-catchment level. Despite the 

apparent potential of participatory research, there are limitations which need to be 

considered. In particular the development of qualitative land use indicators in a 

stakeholder-led process may get corrupted by ‘dominant participants’ resulting in 

biased outputs (van Asselt Marjolein and Rijkens-Klomp, 2002). In the context of our 

study, participatory assessment tools in conjunction with a land use change model in 

an iterative process were employed to improve the understanding of the linkage of soil 

fertility degradation and land use change. It was hypothesised that (i) information 
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derived from engaging local stakeholders into the research process could serve as 

input to parameterize the soil fertility module of the FALLOW (Forest, Agroforest, 

Low-value Landscape Or Wasteland?) model (van Noordwijk, 2002) (described in 

Section 2.2), and (ii) that the combination of information obtained from stakeholders 

and model scenario analysis could generate new insights into the local complexity of 

land use change. For this purpose, a participatory assessment approach was used 

drawing on participatory rural appraisal methods outlined by Chambers (1994) and the 

Soft-System Methodology of Checkland (2000). Local stakeholders’ knowledge and 

perceptions were included in the research process based on the assumption that 

participation of non-scientists in scientific research is needed when analysing complex 

social-ecological systems, i.e. land use systems. The approach was employed to 

explain land use change patterns of upland cropping fields driven by soil fertility 

dynamics in a case study village in Northwest Vietnam (Section 2.3). Model 

calibration and validation building on the participatory-derived datasets and satellite-

based information are described in Section 2.4, where also a scenario analyses focused 

on the assessment of stakeholder recommendations on how to improve upland soil 

fertility. Following the presentation of results, we critically assessed the robustness 

and reliability of the participatory datasets employed for FALLOW model 

parameterisation and discussed the hidden local soil degradation phenomenon 

disclosed by simulated scenarios (Section 2.5). Our concluding remarks summarize 

the potential and limitations of the integrated assessment approach and provide 

suggestions for further studies in this field of research. 

 

2.2 Materials and methods 

2.2.1 Study site 

The study was conducted in Ban Put, one of six villages of the administrative unit of 

Chieng Khoi commune, Son La province, Northwest Vietnam (Fig. 2.1). The area is 

characterised by an extended high plateau with valleys at altitudes of 400-500 m a.s.l. 

and limestone formations rising up to 975 m a.s.l. (Clemens et al., 2010). The local 

climate is dominated by monsoonal patterns with a distinct rainy season from April to 

October and a relatively dry and cold season from November to March. The average 

annual precipitation amounts to 1258 mm, with average monthly temperatures ranging 

from 17.5 °C in January to 27.9 °C in June. Ban Put village is located at 21° 00’50 N 

and 104° 19’08 E, encompassing a total area of 558 ha. The current population 

consists of 467 inhabitants belonging to the Black Thai ethnic minority group. The 

village land use area is subdivided into forest based (375 ha), upland cropping (47 ha), 
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paddy rice (11 ha), fruit and tree plantations (30 ha), and fishponds (10 ha). The major 

agricultural farming systems are paddy rice (Oryza sativa), maize (Zea mays), cassava 

(Manihot esculenta) and mango (Mangifera indica) (Chieng Khoi Commune, 2007). 

 

 

Figure 2.1 Topographic and infrastructure features of Ban Put village, Son La 
province, NW Vietnam. 

 

2.2.2 The FALLOW model 

FALLOW is a spatially-explicit land use and land cover change model with a yearly 

time step (van Noordwijk, 2002; Suyamto et al., 2006). The model threats land use 

and land cover simultaneously, assuming that land-use dynamics are a major 

determinant of land-cover changes. We used FALLOW model version 1.0 which was 

encoded in the PCRaster Environmental Modelling software language 

(http://pcraster.geo.uu.nl/).  

In the model, farmers were assumed to be main agents of land cover and land use 

change based on a multi-criteria analysis of (i) plot attractiveness to expand a land use 

system as function of soil fertility, plot accessibility, attainable yield, and potential 

costs arising from transportation and land clearing, (ii) allocation of labour and land to 

available options of investment, and (iii) diminishing and increasing marginal returns 

on soil fertility and land productivity. External factors which can influence land use 
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decisions comprised: (i) innovations to increase crop productivity, i.e. improved crop 

genotypes or fertilizer use, and (ii) conservation programs to define land use 

prohibition zones. The loop of the dynamic module (Fig. 2.2) is built on the 

‘Trenbath’ soil fertility approach (Trenbath, 1989; van Noordwijk, 1999), which was 

also the focus of our study given the relevance of soil fertility decline in the study 

area. In the Trenbath approach, soil fertility at plot-level proportionally declines 

during cropping periods and increases during fallow periods with a characteristic half 

recovery time. During a fallow period, soil fertility F (dimensionless) can be restored 

with an asymptotic approach up to a maximum value: 

 

ff

f

tK

tF
F


 max

                  (2.1) 

 

with (Fmax) being the maximum soil fertility level reached after an infinitely long 

fallow period (e.g. soil under permanent forest), (Kf) the ‘half-recovery time’ or time 

(years) needed to halve the difference between actual and maximum soil fertility, and 

(tf) the length of fallow periods in years. During a cropping period, soil fertility (Ft) at 

time (t) declines with a land-use specific soil fertility depletion rate (DLU):  

 

  11  t
LUinitt DFF                  (2.2) 

 

with (Finit) being the soil fertility status at the start of the cropping period. Fertilizer 

application (KFert) affects soil fertility and yield by reducing the land use specific 

depletion rate (DLU) with KFert defined as 1 – efficiency of fertilizer in maintaining 1 

unit of soil fertility (dimensionless), and fD the fraction of soil fertility depleted per 

year and land use type: 

 

fertDtLU KfFD                    (2.3) 

 

In this approach, cumulative crop yield per cropping cycle (YCUM) is a function of a 

crop specific conversion factor (c) of soil fertility (F) to crop yield (in Mg), and the 

land use specific depletion rate (DLU), with (tc) the length of cropping period (years): 
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Farmers in the model will select suitable farming plots based on their perception of 

plot attractiveness. Plot attractiveness (Attr) at coordinate (i,j) is based on the ratio 

between soil fertility and field accessibility defined by a function of distance to 

settlements, roads, and rivers. The farmer agent classifies fields by soil fertility, based 

on crop response to inherent soil fertility and chooses the best field to crop. 

Consequences of landscape dynamics are assessed in impact modules (Fig. 2.2) 

through biophysical and socioeconomic indicators, i.e. annual food security or soil 

fertility at landscape level.  

 

 

Figure 2.2 FALLOW model framework presenting the sequence of dynamic module 
building on Trenbath’s soil fertility approach and the linkage of local and external 
driving factors resulting in the choice of a land use trajectory. Impact assessment 
comprises the spatial validation algorithm Goodness-of-fit (Costanza, 1989), and 
output modules calculating biodiversity, carbon stocks and food security on an annual 
basis 
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Food security is determined by farmers’ annual per capita food requirements 

(FoodReqPC) calculated in staple food equivalents (Mg capita-1 year-1) and the actual 

population size (PopSiz) at time step t. The spatial implementation follows the 

previous assumptions generating for each time step a spatially-explicit land use and 

land cover, and soil fertility map (Suyamto et al., 2009; van Noordwijk, 1999, 2002; 

van Noordwijk et al., 2008). The model calibration procedure requires (i) spatial 

inputs such as initial land cover and land use, forest protection area, initial soil 

fertility, elevation and slope, distance to roads or settlement maps and (ii) variables to 

parameterize soil fertility and socioeconomic modules, i.e. population growth, labour 

requirements and prices (Fig. 2.2.). A default parameter setup was available on the 

basis of field measurements of benchmark sites in the humid and sub-humid tropics 

(van Noordwijk, 2002), i.e. with Fmax ranging from 1 (degraded soil) to 20 (primary 

forest soil). Overall, the response domain within farmers operate is determined by the 

biophysical environment (Fmax depends on soil type, Kf depends on fallow vegetation) 

and farm management (fD for example on soil tillage, KFert on fertilizer use and type 

(mineral, organic, green manuring), c on crop genotype or crop practises). Total crop 

production from the whole landscape together with revenues gained from other 

possible economic production systems (e.g. forest resource utilisation activities or tree 

plantations) contribute to food security and household economic resources.  

 

2.2.3 Participatory assessment of model input parameters 

Following the primary goals of this study, we employed participatory tools derived 

from conceptual ideas of Soft-System-Methodology (Checkland, 2000) and 

Participatory Rural Appraisal (Chambers, 1994) to derive model input parameter 

datasets. As a guidance for the participatory framework, a set of model input 

parameters was chosen comprising endogenous variables (EN) of farmers’ decisions 

on land use intensification, field management, and its ecological consequences, and 

exogenous variables (EX) determined by the ecological and socioeconomic systems, 

i.e. distance to cropping fields, population growth, and influence of land use policies 

(Supplement S2.7.1). Building on an interdisciplinary research team, composed of an 

agro-ecologist and a social scientist and three local research assistants, the 

participatory assessment was conducted in three stages: 

 

2.2.3.1 Stage 1 - overview of study site (January 2007) 

The approach started with defining the problem situation (Checkland, 2000), here 

“land use change dynamics” through reconnaissance surveys, and the identification of 
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actors and related system components. Initial field surveys and semi-structured 

interviews were carried out with nineteen randomly selected farmers, government 

officers and villagers. Available secondary datasets were collected from local 

government agencies and analysed with respect to land use change. This baseline 

information was drawn to prepare the focus group discussions (Chambers, 1994) of 

stage 2. 

 

2.2.3.2 Stage 2 - focus group discussions (January 2008) 

The overall aim was to analyse stakeholders’ knowledge of the land use change 

dynamics leading to the present upland spatial patterns. Focus group discussions 

covered topics of land use history, current cropping systems, plot resource balances, 

and causes and consequences of current land use systems. An information feedback 

loop (Fig. 2.3) was designed to ensure data consistency and to derive model input 

datasets. Various rounds of focus group discussions were organized with the 

participation of in total 32 villagers: five village administrative committee members, 

five key farmers, defined as persons with crop management knowledge gained from 

extension and training courses, and 22 randomly selected farmers without formal 

agricultural training, subdivided into male (11) and female (11) participants relying on 

farming as main source of income. 

As a preparatory step, a portable topographic 3D model (0.4 m x 0.3 m) of Chieng 

Khoi commune was used by participants to identify the village’s upland cropping 

area, hereafter refered to as ‘the area of interest’. The 3D model was created with 

polystyrene sheets based on a 1:10.000 scale topographic map (Yen Chau District, 

2005). Land cover features such as dense forest, lake, river, roads and settlements 

were highlighted with acrylic paint according to observations of the reconnaissance 

survey. This step was carried out to ensure a common understanding of spatial 

localities between research team and participants. In general, the focus group 

discussions were conducted in a repeating order: outcomes of stage one and previous 

sessions were used to develop an individual discussion guideline. During the sessions 

land use history and plot resource balance, participants were split into young (18-40 

years) and old (41-65 years), male and female groups. Drawing cards, markers and A0 

sized sheets were provided as discussion tools. Châu Thu and Minh (2003) and 

Clemens et al. (2010) stated that Black Thai farmers in Yen Chau use a combination 

of soil colour, texture, stone content and topography to classify soil fertility and 

associated plot crop suitability. In this context, participants in the session cropping 

systems were asked to write on cards soil factors which determine the individual 
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location preference of an upland land use system. Moreover, outcomes of stage one 

pointed towards soil erosion problems in the study area. For this purpose, the 

participatory approach by Vigiak et al. (2005) was included to rank (0-3) soil erosion 

severity for an upland cropping system: (0) indicated no soil erosion, (1) referred to 

soil erosion patterns not influencing crop yield, (2) determined erosion fluxes obvious 

during most rainfall events, with an observable crop yield reduction, and (3) 

represented frequently occurring soil erosion events with substantial soil and yield 

losses. The session causes and consequences assessed obstacles of current upland 

cropping systems. Participants wrote on cards the cause of a perceived problem and 

then linked the experienced consequence on an output chart. 

 

 
Figure 2.3 Causal diagram of the information feedback loop: A-G flow of 
information, dotted arrows indicate the step of session outputs to E synthesis 
discussion, F1 stakeholders adapt or revise session outputs if necessary, F2 synthesis 
discussion outputs are confirmed and compiled as outputs stage 2. 

 

As an iterative routine, a participant group speaker was chosen to present discussion 

findings after each session. A first uncertainty assessment was carried out by 

comparing group outputs and possible disparities among participants to agree on a 

final session output. Then all outputs were summarized by the research team and 

presented to participants in the synthesis discussion. A session was repeated if a 

presented dataset was inconsistent or could not be unanimously confirmed by 
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participants. In this sense, the initial outputs were fed back to be adapted and revised 

until a final agreement among participants was achieved. 

 

2.2.3.3 Stage 3 - verification of land use patterns (July and August 2008) 

Semi-structured interviews with ten randomly selected, elderly villagers of Ban Put 

were conducted to crosscheck land use history information. The elders had to be 50 

years or older and should have lived in the village since childhood time. As before, the 

Chieng Khoi commune 3D model was used as an interactive communication tool 

assisted by A0 sheets, paperback cards and markers. Secondly, present upland 

cropping patterns were monitored by (i) field visits of upland managed plots of stage 

two participants, and (ii) transect walks at 500, 1000, 1500, and 2000 m distance from 

the village centre (Fig. 2.1) between two opposing hilltops in a southeast to northwest 

direction, covering an average distance of 650 m. GPS points (Garmin CSX 60) were 

taken at upland plot centres and at intervals of 20m during a transect walk with land 

use classified according to stage 2 descriptions. Based on the collected information, a 

land use map 2008 was drafted in ArcGIS 9.3 by (i) using polygons of settlement, 

paddy rice and forest reserve areas identified during the session area of interest, (ii) 

converting field GPS data into quadratic polygons (ArcGIS extension ET Wizard) 

with an edge length of 31.6 m, (iii) and classifying the remaining area by ortho-

rectified digital photos which were taken from hilltop positions in a 360° angle and 

along the upland area road networks. The resulting map was converted into raster 

format with ArcGIS 9.3, and finally edited with the PCRaster MAPEDIT 1.7 tool. 

 

2.3 Findings of the participatory assessment 

Following the initial assessment and reconnaissance survey, interviewed local actors 

identified that upland rice, the formerly most common upland crop, was replaced by 

maize in the past three decades. It was also stated that forest protection programmes 

banned any farming activity in the remaining forests. The government initiated a 

formal land allocation process in 1995 which was completed in 2000. According to 

this baseline information, the research team organized the focus group discussion 

rounds of stage two. 

 

2.3.1 Focus group discussions 

2.3.1.1 Land use history 

Following the final discussions, both age groups agreed to sub-classify the time 

periods into four stages: (i) before 1988, (ii) 1988 to 1995, (iii) 1995 to 2000 and (iv) 
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2000 to 2008 (Table 2.1). In this timeframe, land tenure changed from a cooperative 

allocation system to individual household use rights, and cropping area expanded from 

foothill and moderate slopes to steep slopes and hilltop positions. The change of 

upland cropping was characterized by the abandonment of swidden farming (three-

year crop-fallow rotation system) for permanent cropping systems with a shift of 

upland rice or traditional maize and cassava varieties to newly introduced hybrid 

maize and hybrid cassava varieties; tree plantations were implemented by government 

reforestation programs (Fig. 2.4). Traditional field preparation techniques changed 

from using a planting stick and slash and burn methods, to the present system of soil 

tillage by animal plough on moderate and hoeing on steep slopes, and accompanied 

fertilizer use. The decline of soil fertility was described by stakeholders as rising 

threat to the farming systems. 

 

2.3.1.2 Cropping systems 

Participants defined the cropping preference for maize, intercropped maize-cassava, 

cassava and tree-based systems based on soil physical characteristics, choosing soil 

colour and texture as main preference criteria (Supplement S2.7.2). In total, eight soil 

classes were identified, with the soil colours black, red, and yellow as main indicators, 

subdivided into transition classes (red-black, red-yellow, yellow-black) and texture 

subclasses (red-clay, red-sandy). 

Furthermore, soil colour units were combined with inherent soil fertility levels to 

describe crop yield potential (Table 2.2). Black soils are the most fertile and 

productive soils. Farmers perceived them as very suitable for annual food or cash crop 

production. Red-coloured soils were classified as moderately fertile, suitable for all 

cropping and tree-based systems. Yellow coloured soils received lowest fertility 

rankings suitable for cassava and tree-based systems. In stakeholders’ perception, high 

soil fertility represents a high crop yield potential which corresponds with the 

Trenbath approach to link crop yield to soil fertility (Eq. 2.4). By correlating farmers 

yield assessments with soil colour units, we converted farmer rankings to model soil 

fertility units using a linear, equal-distant interval of 2.5. Following the qualitative 

approach of this study, we assumed this is valid, as farmers derived their plot 

suitability on a similar basis employing linear steps between good to low inherent soil 

fertility levels (Table 2.2). It follows that black soils were given a score of 15, red-

black soils 12.5, red 10, red- yellow 7.5 and yellow soils 5, respectively.  



C
h

a
p

te
r 

2
 

   
  

  
  

   
  

   
   

  
   

   
  

   
   

  
   

   
  

   
  

  
  

   
  

   
   

  
   

   
  

 Q
u

a
lit

a
tiv

e
 d

a
ta

se
ts

 a
n

d
 p

a
rt

ic
ip

a
to

ry
 p

ro
ce

ss
e

s 

34
 

 T
ab

le
 2

.1
 C

ha
ng

e 
of

 u
pl

an
d 

cr
op

 m
an

ag
em

en
t 

an
d 

re
la

te
d 

so
ci

oe
co

no
m

ic
 f

ac
to

rs
 i

n 
B

an
 P

ut
 v

ill
ag

e 
as

 r
ev

ea
le

d 
by

 p
ar

tic
ip

at
or

y 
fo

cu
s 

gr
ou

p 
di

sc
us

si
on

s.
 

P
ar

am
et

er
s 

T
im

e 
pe

ri
od

 
 

 
 

 
B

ef
or

e 
19

88
 

19
88

 –
 1

99
5 

19
95

 –
 2

00
0 

 
20

00
 –

 2
00

8 
 

L
an

d 
te

nu
re

 s
ys

te
m

 
A

llo
ca

tio
n 

by
 

co
op

er
at

iv
e 

T
ra

ns
iti

on
 to

 
in

di
vi

du
al

 la
nd

 u
se

 
In

tr
od

uc
tio

n 
of

 
ho

us
eh

ol
d 

us
e 

ri
gh

t 
T

en
ur

e 
ri

gh
t e

xp
ir

es
 2

01
8 

fo
r 

cr
op

-,
 a

nd
 2

04
8 

fo
r 

tr
ee

-b
as

ed
 s

ys
te

m
s 

L
oc

at
io

n 
of

 u
pl

an
d 

fi
el

ds
 

Fo
ot

hi
ll,

 m
od

er
at

e 
sl

op
e 

E
xp

an
si

on
 to

 s
te

ep
er

 s
lo

pe
 a

nd
 h

ill
to

p 
po

si
tio

ns
 

Fi
xe

d 
po

si
tio

ns
 

C
ro

pp
in

g 
sy

st
em

 
S

w
id

de
ni

ng
 

T
ra

ns
iti

on
 to

 
pe

rm
an

en
t c

ro
pp

in
g 

Pe
rm

an
en

t c
ro

pp
in

g 
Pe

rm
an

en
t c

ro
pp

in
g 

L
an

d 
pr

ep
ar

at
io

n 
Sl

as
h 

an
d 

bu
rn

 
Sl

as
h 

an
d 

bu
rn

 
Sl

as
h 

an
d 

bu
rn

, h
oe

in
g 

Sl
as

h 
an

d 
bu

rn
, h

oe
in

g,
 

pl
ou

gh
in

g 
C

ro
p 

va
ri

et
ie

s 
L

oc
al

 
L

oc
al

, i
nt

ro
du

ct
io

n 
of

 h
yb

ri
ds

 
L

oc
al

 a
nd

 h
yb

ri
ds

 
jo

in
tly

 u
se

d 
H

yb
ri

ds
 d

om
in

an
t, 

so
m

e 
lo

ca
l p

er
si

st
 

Pl
an

tin
g 

m
et

ho
d 

Pl
an

tin
g 

st
ic

k 
Pl

an
tin

g 
st

ic
k 

Fu
rr

ow
in

g 
Fu

rr
ow

in
g 

Fe
rt

il
iz

er
 u

se
 

N
o 

N
o 

N
o 

Y
es

 
S

oi
l f

er
til

ity
 

G
oo

d,
 s

ta
rt

in
g 

to
 d

ec
lin

e 
D

ec
lin

in
g 

D
ec

lin
in

g 
D

ec
lin

in
g 

Fa
rm

in
g 

co
ns

tr
ai

nt
s 

N
on

e 
U

pl
an

d 
ri

ce
 y

ie
ld

s 
So

il 
de

gr
ad

at
io

n 
So

il 
de

gr
ad

at
io

n 
 

P
op

ul
at

io
n 

de
ns

it
y 

L
ow

, s
ta

rt
in

g 
to

 in
cr

ea
se

 
In

cr
ea

si
ng

 
In

cr
ea

si
ng

 
In

cr
ea

si
ng

 

G
ov

er
nm

en
t p

ro
gr

am
s 

N
on

e 
R

ef
or

es
ta

tio
n 

E
xt

en
si

on
 s

er
vi

ce
 

E
xt

en
si

on
 s

er
vi

ce
 



Chapter 2                                                       Qualitative datasets and participatory processes 

35 

Remaining texture subclasses were added to red soils, receiving a score of 10 and 

transition class yellow-black was assigned to the moderate fertile soil classes 

following stakeholders’ descriptions receiving a score of 10. 

 

 

Figure 2.4 Development of upland farming systems in Ban Put village according to 
participants’ definition. 

 

Table 2.2 Farmers’ cropping preference and level of inherent soil fertility according 
to soil colour as revealed by focus group discussions and corresponding FALLOW 
model soil fertility units. 
Local soil 
classification 

Inherent soil 
fertility 

Suitable land use systema Soil fertility 
units 
FALLOW 

Maize Intercropb Cassava Trees 

Black Good ++ ++ ++ + 15 
Red-Black Moderate ++ ++ ++ + 12.5 
Red Moderate  ++ ++ + 10 
Red-Clay Moderate  ++ ++ + 10 
Red-Sandy Moderate  ++ ++ + 10 
Yellow-Black Moderate   ++ ++ ++ 10 
Red-Yellow Low  + ++ ++ 7.5 
Yellow Low   + ++ 5 

a ++ very suitable; + suitable; b intercrop: maize and cassava 
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2.3.1.3 Plot resource balance 

Table 2.3 presents a summary of a flowchart (Supplement S2.7.3.1) constructed by 

local participants to discuss plot-based resource balances. The flowchart incorporated 

management and socioeconomic parameters, such as prices and labour requirements 

(Supplement S2.7.3.2-S2.7.3.3) whereas the balance solely focused on input and 

output quantities of an exemplified upland plot of 1000 m². 

 

Table 2.3 Plot resource balance for an exemplified plot size of 1000 m² as revealed by 
a flowchart prepared of participants during the focus group discussions. 
Cropping system Input materiala N fertilizerc Yieldd Erosivitye 
 (kg ha-1) (kg ha-1) (kg ha-1) (0–3) 
Maize (n=37) 17.5 (2.5) b 145 (37.4) 3591 (2003) 3 
Cassava (n=24) 701 (50) 35.2 (41.2) 5605 (3845) 2 
Intercropping (n=43)     
       Cassava 34.5 (45.3) 24.7 (11.2) 550 (348) 2 
       Maize 29.1 (22.8) 39.4 (41.2) 2294 (2209) 2 

a seed and cassava sticks; b number in brackets are standard deviation; c calculated 
based on NPK (5.10.13) and urea rates; d dried grain or chips; e for further 
explanations see: Materials and methods 

 

Maize-based cropping systems received the highest nitrogen fertilizer inputs 

compared to cassava or intercropping systems. Based on stakeholder estimations, 

mean crop yield for maize was 3591 kg ha-1 with a standard deviation of 2003 kg ha-1, 

whereas cassava yielded on average 5605 kg ha-1 while lower yields were reported in 

maize-cassava intercropping systems. In general, yield estimations were based on the 

number of sacks, which participants sold to local traders. The soil erosivity 

classification resulted in a score of ‘3’ for maize and ‘2’ for cassava and maize-

cassava intercropping systems. Based on the previously defined range (see also: 

Material and methods), farmers observed erosion fluxes frequently during rainfall 

events, resulting in reduced crop yields and topsoil losses. 

 

2.3.1.4 Causes and consequences of the existence of current cropping 

systems 

Soil degradation was the overarching problem hampering all cropping systems (Table 

2.4). Participants linked causes to perceived consequences as follows: (i) fertilizer 

application rates have been increased to circumvent declining maize and cassava 

yields, (ii) pest and disease pressure increased as a consequence of utilising hybrid 
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seed varieties, (iii) soil erosion and abandonment of fallow periods reduced plot water 

holding capacity, and (iv) tillage by hoe and plough resulted in soil compaction. In 

this context, stakeholders recommended to (i) increase crop yield by increasing 

fertilizer rates, (ii) increase soil fertility by applying green manure or using 

leguminous species, and (iii) reintroducing a plot-based swidden fallow rotation 

system to improve soil properties and to combat soil degradation. 

 

Table 2.4 Causes and consequences of existing upland farming systems in Ban Put 
village. 
Causes Consequences Recommendations 
Abandon fallow period Soil degradation Reintroduce plot-based fallow 

system 
Changing soil properties Maize and cassava 

yields decline 
Increase fertilizer rates to increase 
crop yield 

Hoeing and ploughing Soil compaction Use green manure and leguminous 
plants to improve soil structure 

Hybrid crop varieties Pest and disease 
pressure increase 

None 

Soil erosion Reduced water 
holding capacity 

Reintroduce plot-based 
swiddening system 

 

2.3.2 Verification of land use patterns by village elders and field 

observations 

The village elders confirmed that every period of land use change encompassed an 

area expansion in inclination, elevation and distance from the village centre. Until 

1988, upland fields were located within a radius of 1000 m to the present settlement 

areas, with the exception of forest areas prevailing on middle and steep slopes. A 

small number of swidden plots were located on fertile plains with distances up to 2000 

m from the settlement centre. In 1988 to 1995, villagers expanded cropping areas from 

fertile plains to steep and moderate slope positions. After 1995, upland crop area 

expanded further uphill, and a small secondary forest patch abandoned until 2000 was 

converted into cropland from 2000 to 2008. 

Field monitoring found a majority of intercropped maize-cassava based farming 

systems within the study area. In total, 162 upland fields were visited out of which 86 

plots were classified as maize-cassava intercropping, 22 as maize, 20 as cassava, 26 as 

agroforestry, and 8 tree plantation plots, respectively. Although participants of the 

focus group discussions did not mention agroforestry systems, results of field 
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monitoring emphasized the inclusion of an agroforestry land use class. Agroforestry 

was defined as a combination of annual cropping (maize, cassava) with fruit trees 

(mango, litchi, longan, banana) or timber tree species (teak, pine). A plot was 

classified as agroforest if at least 10 trees with a minimum height of 2m were found in 

plot sizes of 500-1000m2. 

 

2.4 FALLOW model baseline scenario 

2.4.1 Calibration 

The baseline scenario was calibrated to resemble the stakeholder described timeframes 

of 1975-2008. Calibration was divided into two parts by preparing (i) factor maps 

which guide the location of future change, i.e. initial land cover, forest protection area, 

inherent soil fertility, elevation and slope, distance to roads or settlement, and (ii) 

variables to parameterize the Trenbath soil fertility and socioeconomic modules, i.e. 

population growth and labour requirements. The following section gives emphasis 

especially on part (ii), whereas information of (i) is represented in more detail in 

Supplement S2.7.4.The inherent soil fertility map (InhFert) was derived following 

stakeholder descriptions that before 1988 upland soils were of black soil colour. It 

received a score of 15 following the developed soil fertility conversion scheme (Table 

2.2). The change of swidden to annual cropping systems was simulated by using 

upland rice, hybrid maize (Maize HY1) and improved hybrid maize (Maize HY2) 

varieties as representative crops. Outputs of focus group session cropping systems and 

plot resource balance were drawn to calibrate upper and lower yield potentials (Ymax, 

Ymin) (Table 2.5). Similarly, datasets of the prepared flowchart (Supplement S2.7.3.1) 

were utilized to calibrate annual labour requirements for the maize cropping systems 

whereas input parameters for upland rice were derived from Saito et al. (2006) (Table 

2.5). For the categorical soil fertility depletion variable (fD), 1 defines a complete soil 

fertility stock decrease by mineralisation during one year of cropping (van Noordwijk, 

2002). Initially, fD was set to 0.3, which followed the assumptions of Trenbath (cf. van 

Noordwijk, 1999) for a “shifting cultivation fallow rotation system”, here represented 

by the upland rice swidden system. The stepwise increase of soil depletion depicted by 

session land use history resembled the change of upland rice to hybrid maize and 

improved hybrid maize varieties in 1991 and 2000, with the associated intensification 

of farm management practises, e.g. soil tillage (Table 2.5). Crop conversion efficiency 

(c) was stepwise increased to resemble the use of improved and hybrid seed varieties 

as they possess a higher crop yield potential compared to traditional ones. Farm 

management intensification as described in session causes and consequences, and plot 
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resource balance were calibrated by reducing the fallow period (tf) from three to zero 

years, and by increasing the three cropping periods (tc) of a swidden rotation to 

eighteen consecutive years (until 2018) in an annual farming system. 

 

Table 2.5 Input variables of Trenbath soil fertility module used for the FALLOW 
model baseline scenario. 
Parameters Units  Time period 
  1975–

1988   
1988–
1995 

1995–
2000 

2000–
2008 

Crop yield potentiala  Upland   
rice 

Maize  
HY1 

Maize 
HY1 

Maize  
HY2 

     Ymin Mg ha-1 0.25 0.5 0.5 0.5 
     Ymax Mg ha-1 1.25 1.75 2.25 7 
     Mean Mg ha-1 0.75 1.13 1.38 3.6 
Depletion rate (fp) dml.c 0.3 0.35 0.4 0.45 
Fallow period (tf) year 3 3 0 0 
Half-recovery time (Kf) year 15 15 15 15 
Crop conversion  
efficiency (c) 

dml. 0.25 0.3 0.35 0.4 

Cropping period (tc) year 3 5 5 18b 
Fertilizer efficiency (Kfert) dml. na na na 0.3 

a na = not applicable; HY – Hybrid variety; b assumed permanent cropping until 2018; 
c dimensionless. 

 

A half-recovery time (Kf) of 15 years was parameterized based on a study of Dung et 

al. (2008) for an upland rice-cassava swiddening system under similar environmental 

conditions in Northern Vietnam. Fertilizer application was started in 2000. In the 

model default setting (van Noordwijk, 2002), a KFert value of 0.35 was suggested, 

however, we reduced fertilizer efficiency rate (KFert) to 0.3 in view of the negative 

impact of soil erosion on fertilizer use efficiency. In the FALLOW approach, the 

socioeconomic module is driven by simulated annual population food demands, 

deduced by multiplying population density and the per capita food demand of a staple 

food source. In our case, rice comprised the major staple food source amounting to 0.5 

Mg equivalents year-1 (Saint-Macary et al., 2010). Richter (2008) found that Ban Put 

village comprised 31 inhabitants in 1965 and census data identified 467 villagers in 

2007 (Chieng Khoi Commune, 2007). Based on this information, an annual 

population increment (PopInc) of 10 inhabitants was calculated assuming a linear 

growth rate based on the findings of session land use history. 
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2.4.2 Spatial validation procedure 

The validation of simulated spatial patterns of land use change models requires a 

comparison with maps of real land use and land cover change. Such datasets should be 

completely independent from the calibration data (Pontius et al., 2006; Rykiel, 1996). 

In order to be able to validate our modelled land use change dynamics with land cover 

data derived from satellite image classification, we clustered the previously described 

upland farming systems into one land cover class called ‘upland cropping’, and 

combined settlement and paddy as well as grassland and shrub areas into combined 

land use classes.  

For this study, we employed the multiple-resolution goodness-of-fit (GOF) validation 

procedure (Costanza, 1989; Supplement S2.7.5) using land cover maps, further 

referred to as ‘reference maps’, from an SPOT satellite image in 1992 and a LISS III 

satellite image in 2007 (Thi et al., 2009). Drawing on Pontius et al., (2004) suggestion 

‘to compare model runs with a null model that assumes complete persistence of land 

use across the simulated time period’, this study measured the accuracy of the null 

model as the percentage of pixels in agreement between the reference map of 1992 

and the reference map of 2007 (Fig. 2.5a), with Fig. 2.5b comparing areas between 

simulated land cover in 2007 (FALLOW 2007), and the devised reference maps 

(Reference 1992 and 2007). The location accuracy of pixels for the FALLOW 

baseline scenario simulation was more accurate than the null model for pixel 

resolutions lower than 32 m (Fig. 2.6). The goodness of fit (Ft) value of 0.78 

represents a weighted average of the agreement over the pixel size varying between 1 

(31 m) and 33 pixels (993 m) with most weight given to small window sizes (Castella 

and Verburg, 2007). We also compared simulated land use trajectories with secondary 

datasets at the Chieng Khoi commune level (Fig. 2.7). The model reflected the 

development of land use and land cover at village level following the patterns at 

commune level. However, simulated secondary forest area in the village did not 

increase initially as in the commune statistical data, rather decreased continuously 

from the beginning of the simulation period in 1975 until 1994. Statistical data 

suggested that the decrease of secondary forest area came to a halt at commune level 

somewhat later and at lower level in 1999.  

The simulation of annual crop yield was sensitive to inherent soil fertility, the opening 

up of new forest areas at the beginning of the simulation, and the introduction of 

hybrid crop varieties and fertilizer use (Fig. 2.8). The exogenously defined shift in the 

model from upland rice swiddening to maize hybrid cropping systems followed focus 

group descriptions. The shift resulted in a simulated increase of average annual crop 
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yields of 1.5-1.75 Mg for the period of 1990-1995 together with the conversion of 

fertile forest areas to cropland (Fig. 2.7).  
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Figure 2.5 (a) Reference maps of research area in 1992 and 2007, and FALLOW 
simulated land cover in 2007, (b) comparison of land cover types (in ha) between 
reference maps in 1992 and 2007, and simulated FALLOW outputs in 2007. 
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Figure 2.6 Goodness-of-fit of reference map 1992 and simulated FALLOW land use 
map 2007. 

 

Figure 2.7 Simulated and observed patterns of land use change at Ban Put village and 
Chieng Khoi commune level from 1975 to 2007. 
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Figure 2.8 Simulated average annual crop yield and soil fertility development in Ban 
Put from 1975 to 2007; crop type (upland rice, maize) and variety (hybrid maize 
variety HY1 and HY2) change follow stakeholder descriptions 

 

2.4.3 Scenario analysis 

Scenario analysis is a tool to deal explicitly with different assumptions about the 

future (Refsgaard et al., 2007; Rykiel, 1996). In our case, scenario analysis was used 

to test consequences of stakeholder-based suggestions how to combat declining 

upland soil fertility. The previously employed baseline calibration was utilised by 

extending the model runtime until 2019. The year 2019 coincides with the assumed 

end of the officially guaranteed land use rights for crop-based systems (so-called red 

book certificates), where the provincial government is expected to reallocate land use 

rights among villagers.  

Three scenarios were chosen focussing on local soil fertility management schemes: (i) 

Increase fertilizer application rates (IncFert) – to test three levels of fertilizer use 

efficiency (KFert) to follow stakeholders assumption that an increase of fertilizer rates 

or application of organic manure after the year 2000 improves soil fertility, (ii) Earlier 

Fertilizer Application (EarlyFert) – start fertilizer application five years earlier (in 

1995) than implemented by farmers using various levels of KFert to test the 

hypothesis that an earlier intervention (e.g. less degraded soils) results in a faster 

recovery of soil fertility, and (iii) Reintroduce improved swiddening (ReFallow) – 

reintroduce a three year improved swiddening (crop fallow rotation) system after 2008 
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Figure 2.9 FALLOW model scenario analysis to test stakeholder-based assumptions 
how to combat decline of upland soil fertility: Kfert 0.5 = fertilizer + cover crop, Kfert 
0.3 = current fertilizer use, Kfert 0.1 = reduced efficiency of fertilizer due to soil 
degradation, e.g. soil erosion. Scenario IncFert – increase fertilizer application rates, 
starting in 2000; EarlyFert – fertilizer application started in 1995; ReFallow – 
reintroduce three year improved swiddening (crop fallow rotation) system in 
combination with fertilizer use; arrows indicate start of fertilizer use in 2000 (IncFert, 
EarlyFert, ReFallow) and start of a three year improved swiddening system in 2008 
(ReFallow); arrows indicate start of fertilizer use. 
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Figure 2.10 (a) Spatial soil fertility development of scenario IncFert 0.3 in 2008 and 
2018, (b) evolution of soil fertility classes by soil colour in upland areas of Ban Put 
from 2007 to 2018 for scenario IncFert 0.3. 

A 

B 
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and apply fertilizer from 2000 onwards by using three levels of KFert. The simulation 

outputs (Fig. 2.9) indicated that an almost twofold fertilizer use efficiency increase 

(IncFert 0.5), e.g. cover crops and fertilizer use, resulted in a moderate built-up of soil 

fertility at the landscape level. Earlier use of fertilizer would delay the decline of soil 

fertility for current baseline scenario EarlyFert 0.3, but in association with improved 

crop management (EarlyFert 0.5) could stabilise soil fertility at acceptable level 

suitable for maize production. The simulated scenarios of reintroducting improved 

swiddening systems (ReFallow) showed a positive effect on soil fertility development 

for all tested fertilizer use efficiencies, but only in combination with improved 

fertilizer management (KFert 0.5) a substantial increase in soil fertility occurred. All 

scenarios demonstrated that even when soil fertility improved in the course of time 

only the upper plateau at the red soil level equivalent (soil fertility with an average 

value of 10) could be reached. By using scenario IncFert 0.3 as an example for the 

current upland crop management (Fig. 2.10a), the following patterns were observed: 

(i) soil fertility depletion was most severe close to settlement areas where yellow soils 

were most prevalent. The implementation of forest protection sites resulted in areas 

which were able to maintain black soil conditions, e.g. black-clustered zones. In the 

simulation, the majority of plots in 2008 were found to be moderately fertile soils (red 

and red-yellow soils) with a tendency of further degradation. Fertile soils, e.g. black-

red and black soils, occurred on plots more distant from settlement areas. When taking 

a snapshot into 2018 soil fertility further declined with most plots pertaining to 

moderate to low fertility conditions (Fig. 2.10b; red-yellow and yellow). In this 

context, fertile or black soil fields almost vanished with black-red soil plots prevailing 

closer to settlement areas, and scattered over the study area. 

 

2.5 Discussion 

2.5.1 Building on focus group discussions to parameterize the FALLOW 

model 

The proliferation of stakeholder engagement has positively influenced modelling 

efforts in recent years, especially when supporting decision making processes for 

environmental management (Lagabrielle et al., 2010; Voinov and Bousquet, 2010). In 

our case, participatory focus group discussions were employed to integrate knowledge 

domains of stakeholders from an analytical and soft-system perspective across 

disciplinary boundaries at the village level. This approach formalised stakeholders 

knowledge by drawing common diagrams and logical frameworks, especially as soft-

system analysis focuses on the importance of subjective perceptions and socially-



Chapter 2                                                       Qualitative datasets and participatory processes 

47 

structured reality (Pahl-Wostl, 2007). Building on the principal study hypothesis, the 

participatory approach reduced stakeholder and research team-driven bias, particularly 

by introducing feedback loops and verification of information by elderly villagers as 

additional respondent group. Generated focus group discussion outputs revealed that 

land use history and evolution of crop management intensification correlated well 

with findings of Sikor and Truong (2002) in Yen Chau district. However, Dao et al. 

(2002) and Keil et al. (2008) reported higher local mean maize yields (5.5 and 6.2 Mg 

ha-1) than obtained in this study. Differences in yield estimates could have resulted 

from variations in crop yield potential due to site-specific soil and climate variations 

(Wezel, 2000), or due to weight variations given by improper or manipulated scaling 

devices of local grain buyers (Dao et al., 2002). An additional reason could be the use 

of proxy indicators during the participatory approach, as in contrast to exact 

measurements differences, given by varying corn size or moisture content cannot be 

disclosed. Comparing labour requirements for upland maize farming provided by 

participants (Supplement S2.7.3.2) with those reported by Dao et al. (2002) and Keil 

et al. (2008), showed that overall ranges were similar, however, Keil et al. (2008) 

remarked that soil types and steepness of farmland may result in high variation of 

required input labour. 

Regarding farmers’ soils classification, Clemens et al. (2010) confirmed topsoil colour 

as a major indicator of soils’ crop suitability, as i.e. black soils are the most preferable 

soil types in Chieng Khoi commune due to their higher total N, total C and CEC 

contents than red or yellow soils. This underscores the overall model calibration 

concept linking soil fertility and soil colour, further supported by the FALLOW model 

approach of crop choice relative to soil fertility classes (or predefined boundaries). 

Challenges with such an approach may arise in the choice of an adequate soil 

colour/soil fertility calibration approach due to interactions between soil fertility and 

crop management in the field. It might be questionable if the employed equal-distant 

calibration approach (Table 2.5) did represent the stakeholder described land use 

evolution satisfactorily. However, as stakeholders did not describe more drastic 

changes of soil fertility with yield changes, e.g. by pointing towards exponential 

developments, we assume that the employed equal-distant calibration approach (Table 

2.5) captured the local soil fertility evaluations adequately in this case. 

The presented study falls in line with recent attempts to incorporate participatory 

approaches in various forms into environmental simulation approaches (Voinov and 

Brown Gaddis, 2008; Voinov and Bousquet, 2010). Limitations of such an approach 

lies in the nature of expert’s knowledge boundaries of space, i.e. Ban Put village and 
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time, i.e. 1988 to 2008, as this predefines the overall modelling exercise. Several 

authors (Saito et al., 2006; Schuler et al., 2006; Vigiak et al., 2005) describe these 

aspects as a common drawback one has to bear in mind when building on qualitative 

local knowledge. Still other authors, i.e. Ritzema et al. (2010) argue that participatory 

modelling can compensate data-scarcity in case study areas. Within the scope of this 

study, the dynamic, non-linear conceptual soil fertility approach of the FALLOW 

model facilitated the inclusion of qualitative and semi-quantitative information. It 

revealed that qualitative expert knowledge is an option to parameterize a land use 

simulation model such as FALLOW. Such a combination can be especially useful in 

data-poor environments as prevalent in most tropical and subtropical regions where 

new directions are needed to address shortcomings of traditional simulation models 

(Ritzema et al., 2010). 

 

2.5.2 The ‘hidden soil degradation’ phenomenon 

Scenario analysis pointed to an increasing soil degradation which masks the effect of 

hybrid maize and fertilizer use. In farmers’ perceptions, soil degradation is 

compensated by the positive yield effect of hybrid crop varieties and fertilizer use. 

Yet, scenario simulations did not confirm stakeholder assumptions that a simple 

increase of fertilizer rates will improve soil fertility, as FALLOW simulations rather 

found the opposite trend. Although, experimental data from northern Thailand 

confirmed that increased fertilizer use led to larger amounts of crop residues recycled 

and reduced erosion due to enhanced soil cover, alone it could not offset the impact of 

soil management intensification (Pansak et al., 2008). 

In the case of Chieng Khoi commune, Boll et al. (2008) found that fields with longer 

distances to homestead possess a younger cropping history with higher yield potential 

compared to fields closer to homesteads. The scenario analysis confirmed this spatial 

trend. It also demonstrated that soil degradation is moving towards critical red to 

yellow soil levels (Fig. 2.10), with a higher vulnerability for soil erosion (Clemens et 

al., 2010). Remaining options of local land managers lie in the change of current 

cropping practises or the abandonment of fields for fallow as also described by 

farmers in the focus group session causes and consequences. In that sense, farmers 

tend to revert the time of fallow from a couple of months to years. Clearly, the 

reduction of fallow periods poses a serious threat to long-term sustainability of upland 

sites in Northwest Vietnam. Dung et al. (2008) estimated that for successful soil 

amelioration, a fallow period of 15-30 years would be needed to rebuild soil organic 

carbon and soil nitrogen contents. Low levels of current soil fertility pose also a 



Chapter 2                                                       Qualitative datasets and participatory processes 

49 

challenge to potential soil conservation strategies as the build-up of soil fertility will 

be slow once soil degradation is advanced (Wezel et al., 2002), as could be also 

demonstrated with the scenario simulations (Fig. 2.10). Here, agroforestry or 

intercropping systems could be an option, i.e. using Tephrosia candida as fallow or 

hedgerow (Fagerström et al., 2001) or jack bean (Canavalia ensiformis) as relay or 

cover crop (Pansak et al., 2010). A successful introduction of soil conservation 

techniques has to take farmers’ criteria, such as crop management, labour inputs and 

economic viability into account, as past examples in Northern Vietnam have proven 

that the human dimension of soil conservation were often neglected (Clement and 

Amezaga, 2008; Fagerström et al., 2001; Saint-Macary et al., 2010; Valentin et al., 

2008). Here lies an apparent advantage of the FALLOW model, as it allowed the 

possibility of integrating different knowledge domains to produce simulations that 

could be relevant for local stakeholders and decision-makers. In contrast to process-

based biophysical and spatially explicit modelling approaches, i.e. LUCIA (Marohn et 

al., 2010), the FALLOW model concept builds on a ‘minimum necessary degree of 

complexity’ (Seppelt et al., 2009) for prospecting impact of alternative land use 

management options building on the dynamic, non-linear Trenbath soil fertility 

approach (van Noordwijk, 1999). The low data input requirements compared to data-

demanding mechanistic model approaches allowed the disclosure of meaningful 

insights into the local soil degradation phenomena relevant for strategic planning. 

However, the FALLOW approach is limited in its ability to quantitatively evaluate 

effectiveness and impact of different management options relevant for extension 

services. Correspondingly, model outputs should thus be considered as semi-

quantitative trends with meaningful development projections within the given 

boundaries. 

The evolution of annual crop yield and soil fertility is depending on the selected 

categorical variables and the induced change of cropping systems calibrated according 

to stakeholder descriptions. Clearly, the robustness of the quantitative simulation 

ability relies on its comparison to qualitative information. The comparison of model 

baseline simulations with secondary data at commune level demonstrated a reasonable 

good land cover change trend agreement. The predictive spatial-explicit capabilities of 

the FALLOW model where evaluated with the goodness-of-fit method and indicated 

that the simulated land use map in 2007 did correlate well with a satellite-derived land 

cover map at pixel resolutions lower than 32 m. Nevertheless, model evaluation 

relying on remote sensing-derived land cover data have also certain limitations, i.e. 

difficulties in distinguishing shrub land and forest in the context of the Chieng Khoi 
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commune (Thi et al., 2009), while local statistical data are also not always reliable 

particularly where forest conservation plans by governments clash with farmers 

demand for cropland. It is therefore acknowledged that data limitations arose 

regarding the quantification of spatial location and variation in land use functions 

which is considered as a main challenge of spatial model explorations (Claessens et 

al., 2009; Verburg et al., 2009). 

 

2.5.3 Lessons of the integrated assessment approach 

The study demonstrated its value in a dynamic and changing environment. The 

combination of participatory and semi-quantitative simulation assessment approaches 

was useful, because (i) focus group discussion findings revealed problems of declining 

soil fertility related to land use change and cropping intensification, and (ii) drawing 

on the FALLOW model simulations indicated resource degradation masked by current 

cropping strategies. This could be further confirmed by scenario simulations pointing 

towards the rising difficulties to reverse the downward trend of soil fertility 

development by the current crop management schemes. 

‘Modelling with stakeholders’ (Voinov and Bousquet, 2010) can enhance system 

understanding and its dynamics as in the case of land use change to identify and 

clarify the impacts of solutions to a given problem in environmental decision making 

processes. However, like all other approaches for collaborative learning and decision 

support, its credibility and usefulness needs thorough validation and uncertainty 

assessment. For this study, two contrasting validation tools were used. On the one 

hand, the developed feedback loop employed as an over spanning concept in the focus 

group discussions reduced output uncertainty, and also provided a consent-based 

stakeholder decision framework. On the other hand, the quantitative goodness-of-fit 

method which served as validation tool to compare the simulated land use change 

trajectories with their observed counterparts. Remaining uncertainty led finally to the 

decision to define the presented approach as a semi- instead of complete quantitative 

assessment approach. Moreover, in contrast to participatory modelling approaches, 

e.g. Becu et al. (2008), the present study can be rather understood as a first step for a 

decision making process in a data-poor environment. It underscores the claim that 

models which integrate various knowledge domains can be credible and legitimate 

tools to inform and support the need of sustainable natural resource management 

options (Lusiana et al., 2011). In this process, it is not always necessary to involve the 

stakeholders in the whole cycle of model development and evaluation (Jakeman et al., 

2006), but rather adjust the type and degree of stakeholder participation to the model’s 
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real needs which can feed and invigorate the modelling process with new data, ideas 

and perspectives (Voinov and Bousquet, 2010; Neef and Neubert, 2011). 

 

2.6 Conclusion 

The presented study has an important message to convey at community level. If 

resource managers resist changing current cropping practises, environmental 

degradation will adversely affect the livelihoods of farmers and will be increasingly 

difficult to reverse. Yet this problem has a much broader regional dimension as the 

presented case study is a typical example of the regional challenges the north-western 

mountain provinces of Vietnam are currently facing. This study has shown that by 

building on an iterative participatory approach suitable input variables can be obtained 

for semi-quantitative modelling, and hence can be used as a methodological pathway 

to foster the implementation of sustainable upland cropping practises. The combined 

approach has shown to be a useful tool due to its open and adaptive research strategy 

in a data-poor environment. 
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2.7 Supplement 

Supplement S2.7.1 FALLOW model input parameters used as a guideline for the 
participatory approach 
Input variable Description Typea 
Attr Field attractiveness define agent decision on land use  EX 
Dist2Set Cropping field distance to village (m) EX 
PopInc Initial human population density (capita km-2) EX 
D Land use specific soil fertility fraction decreasing during one 

year of cropping 
EX 

Fmax Soil fertility after an infinitely long fallow period EX 
Kfert Fertilizer use efficiency  EX 
FertDec Decision of fertilizer use EN 
CropInt Decision of cropping intensification EN 
FieldCrop Decision on which field to crop EN 
tc Time of years a field is cropped once fallow vegetation is 

removed (years) 
EN 

ForRes Forest reserve area (ha) EN 
YieldMem Farmer’s memory of past crop yield (Mg ha-1) EN 

a EX: exogenous, EN: endogenous 

 

 

Supplement S2.7.2 Number of observations for cropping system and soil colour 
written on cards during focus group discussion on cropping systems. 
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Supplement S2.7.3.2 Labour requirements for individual upland cropping system 
(variations in labour requirements for land preparation depending on stakeholder’s 
definition of no. of preparation steps). 

Labour requirement
a
 Maize Cassava Intercropping 

Land preparation    

      Rangeb 60-195 60-195 60-195 

      Mean (Std. Dev.) 95 (25) 95 (25) 95 (25) 

Planting 10 15 10-15 

Weeding 40 120-140 40-120 

Harvesting 10c 225 d 100-200 
a labour days ha-1 (1 labour day=15.000 Vietnamese Dong, with Vietnamese Dong: 
16,000VND=1 US$ (June 2007);  
b including weeding (35), hoeing (120), buffalo ploughing (40);  
c harvest of combs, including transportation, removing of leaves and stems;  
d harvest of roots, including digging, transportation, cutting, chopping, drying 
 

 

Supplement S2.7.3.3 Range of fertilizer prices summer season 2007 (Jun-Sep)  

Inputs Pricea (‘000 VND kg-1) 

   Maize seeds 30 

   Cassava sticks own source 

   Fertilizer (mean)  

        NPKb 6 

        Urea 6 

        K2PO4 5.5 

Output  

   Maize grain 2–2.6 

   Cassava chips 1.6–18  
a Vietnamese Dong: 16,000 VND = 1US$ (June 2007);  
b NPK (5.10.13) 
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Supplement S2.7.4 Input calibration maps: (a) inherent soil fertility (dimensionless), 
(b) distance to roads (in m); (Note: paddy fields and settlement were not considered 
during model simulations as this study focused on upland cropping area solely). 

 

 

Supplement S2.7.5 Validation procedure 

The GOF statistical technique compares the accuracy of the land use change model to 

the accuracy of its null model at multiple resolutions, based on the measurement of 

pattern similarity. It yields indices that summarize the way the fit changes as the 

resolution of measurement changes. The proportion agreement is evaluated with an 

expanding window to gradually degrade the resolution of comparison: 
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with Fw fit for one side of (square) sampling window of linear dimension w, aki 

number of cells of category i in scene k in sampling window, p the number of different 

categories (i.e. land use types) in sampling windows, s sampling window of dimension 

w, and tw total number of sampling windows in scene of window size w. It follows 

that: 
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with Ft a weighted average of fits over all window sizes (Constanza, 1989). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3  Simulating land use change dynamics 

57 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 
Chapter 3 
 
Simulating land use change dynamics and 
its potential impact on above-ground 
carbon: A scenario-based analysis in 
Northern Thailand 
 

 



Chapter 3  Simulating land use change dynamics 

58 

Chapter 3 Simulating land use change dynamics and its potential 
impact on above-ground carbon: A scenario-based analysis in 
Northern Thailand2 

 

Melvin Lippe1, T. Hilger1, S. Sringarm2, W. Naruthep2, A. Jintrawet3, G. Cadisch1 

 

1 Institute of Plant Production in the Tropics and Subtropics, Universität Hohenheim,  

  Stuttgart, Germany 

2 Uplands Programme (SFB 564), Chiang Mai office, Thailand 

3 Multiple Cropping Centre (MCC), Chiang Mai University, Chiang Mai, Thailand 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                       
2 This chapter has been submitted as: 
M. Lippe, T. Hilger, S. Sringarm, W. Naruthep, A. Jintrawet, G. Cadisch. Simulating land use 
change dynamics and its potential impact on above-ground carbon: A scenario-based analysis 
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Abstract 

An integrated assessment of future land-use change (LUC) and its effect on above 

ground carbon stocks is presented for a case study watershed (10.6 km²) in Northern 

Thailand. The approach integrates a combination of geographic information systems 

(GIS) technology, a LUC model and carbon stock accounting procedure. The study is 

one of the first attempts in Thailand acknowledging the dynamics of future LUC 

trajectories and its impact on AGC stocks at watershed-scale. Especially in tropical 

regions such as Thailand, environmental policy mechanisms are currently proposed 

aiming to increase above-ground carbon (AGC) stocks in the long run. However, 

spatial goal conflicts often arise between agricultural production and carbon 

sequestration strategies despite policy assumptions to integrate both into a single land-

use framework. For this purpose, different LUC scenarios were simulated with the 

‘Dynamic and Conversion of Land-use Effects’ (Dyna-CLUE) model in 2009 to 2029 

using outcomes of GIS analysis, participatory appraisals and expert interviews with 

local stakeholders. Coupling the simulated scenario-specific LUC maps with a carbon 

stock accounting procedure revealed that AGC stocks at watershed-scale could be 

increased by a maximum of 1.7 Gg as a result of new reforestation or orchard 

plantations. A maximum loss of 0.4 Gg AGC would occur if current LUC trends 

would continue until 2029. Clear differences were found between scenarios in terms 

of spatial AGC gains and losses, illustrating that future LUC is an important factor to 

be considered when developing AGC sequestration strategies. Coupled simulations 

also showed that the uncertainty (12-43 Gg) of estimated AGC stocks is larger than 

the expected LUC scenario effect at watershed-scale as a function of employed input 

dataset. The integrated assessment approach was especially useful due to its moderate 

input demands, enabling the comparison of land-use systems differing in AGC built-

up rates and rotations times. The employment of LUC scenarios grounded on local 

stakeholder assumptions was further beneficial because of its higher credibility for 

local land-use management strategies at watershed-scale. In case of Northern 

Thailand, collaborative land-use management schemes are needed, because at the end 

only stakeholders’ perceptions will determine the sustainability of upland watersheds 

in the long run.  

 

Keywords 

Land use change, above-ground-carbon, Dyna-CLUE model, carbon accounting 

procedure, Northern Thailand 
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3.1 Introduction 

Land cover and land-use change have been recognized as important drivers of global 

environmental degradation often negatively effecting the provisioning of long-term 

carbon sinks (Houghton et al., 2012; Lal, 2004). Land cover comprehends the 

observed biophysical attributes of the earth’s land surface, whereas land-use refers to 

the exploitation of land cover by humans (Jansen and Di Gregorio, 2000). For the 

purpose of this study, we use the term land-use change (LUC) to refer to land cover 

and land-use change simultaneously. 

In many tropical watersheds, much attention is currently given on increasing the 

ability of terrestrial carbon pools (Bruun et al., 2009; Houghton et al., 2012; Ziegler et 

al., 2012). The decision whether a watershed area will serve as long-term carbon sink 

depends among others on the protection of forest reserves, the increase of above-

ground carbon (AGC) stocks through woody vegetation and an improved management 

of soil organic carbon (SOC). In tropical environments however, to a great extend the 

maximum potential in additional carbon sequestration can be achieved by focusing on 

AGC rather than SOC as a result of smaller pool sizes and short mean residence times 

(Bruun et al., 2009; Lal, 2004). 

The country of Thailand has to report carbon stock changes due to LUC as part of its 

national greenhouse gas emission reduction strategy. Recent estimates showed a 

decreasing impact of LUC on AGC emissions at national-level due to forest 

conservation and tree plantation schemes (ONEP, 2010). Nevertheless, it can be 

expected that new LUC trajectories are going to unravel in the next decades, 

particularly in areas suitable for agricultural production and close distance to 

marketing hubs (Trébuil et al., 2006). Especially at watershed-scale, policy makers 

and natural resource managers are requiring information how the future likelihood of 

LUC would impact the provisioning of long-term AGC sinks. This is of particular 

importance for areas to be registered under the United Nations Framework 

Convention on Climate Change (UNFCCC) program for Reducing Emissions from 

Deforestation and forest Degradation (REDD+). REDD+ is designed to preserve or 

increase the storage of terrestrial carbon, meanwhile fostering beneficial ecosystem 

services and promoting human livelihoods (UNFCCC, 2011). Under REDD+, 

developing countries would receive payments from industrialized nations for 

achieving long-term reductions in deforestation and/or replacing land-use activities 

with others that can sequester more carbon (UNFCCC, 2011). Being eligible for 

financial remuneration by REDD+, however requires an estimation of carbon stocks 

and emissions associated with all important LUC transitions. 
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Different analysis tools can be used to examine LUC and its potential impact on the 

provisioning of long-term AGC sinks. Tools can encompass geographic information 

systems (GIS) (Echeverría et al., 2012; Swetnam et al., 2011), dynamic models to 

prospect the likelihood of LUC and/or its impact on AGC (Lusiana et al., 2012; 

Marohn and Cadisch, 2012; van Noordwijk et al., 2008), and participatory approaches 

to develop scenario storylines grounded on local stakeholder assumptions (Anselme et 

al., 2010; Lippe et al., 2011) among others. Combining these approaches into a single 

assessment framework promises an effective way to provide implications for carbon 

sequestration strategies such as REDD+ and the long-term provisioning of AGC 

stocks in general. In case of Thailand, combined AGC-LUC assessments are still rare 

at watershed-scale, and if existing cannot be transferred to other study areas easily 

given the variability in regional ecosystems (Thomas et al., 2002). Taking Northern 

Thailand as example, there is a rising need to develop locally-adapted land-use 

strategies that can balance agricultural production, increase AGC stocks and improve 

people’s livelihood simultaneously (Shames et al., 2013). This is not only important at 

the regional-scale of Thailand, but also for Southeast Asia in general as economic 

progress is going to continue in the next decades putting further pressure on the 

resilience of natural ecosystems (Valentin et al., 2008). To address this problem in 

particular and to improve our understanding of the impact of changing landscapes on 

AGC in general, this study developed an integrated assessment approach aiming to: 

 

(i) evaluate the spatial and temporal patterns of LUC from 1998 to 2008 for a 

case study watershed in Northern Thailand using GIS methodology, 

(ii) conduct a scenario analysis with the ‘Dynamic and Conversion of Land-use 

Effects’ (Dyna-CLUE) model (Verburg et al. 2006) using storylines derived 

from a GIS analysis, participatory focus group discussions with local 

stakeholders and key expert interviews, 

(iii) examine the scenario-specific impact of LUC on AGC with a carbon 

accounting procedure, with further attention given to the spatial distribution 

of AGC gains and losses at watershed-scale, 

(iv) determine the simulated AGC output uncertainty caused by the variability of 

AGC input data levels.  

 

3.2 Materials and methods 

An overview of the integrated assessment approach is presented in Fig. 3.1, 

highlighting its core modules: scenario development, land use change modelling and 
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AGC carbon stock accounting procedure. Detailed descriptions of each module are 

given in section 3.2.2 to 3.2.5. 

 

 

Figure 3.1 Flowchart of integrated assessment framework developed for this study. 

 

3.2.1 Study area 

The study was conducted in Mae Sa Mai watershed (MSMW), a mountainous 

headwater catchment belonging to the larger Mae Sa basin, Chiang Mai Province, 

Northern Thailand. MSMW is located about 40 km northwest of Chiang Mai city, one 
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of the major urban conglomerates in Thailand. MSMW covers an area of 10.6 km², 

located at N 18° 51′ 01″ to E 98° 52′ 20″, and can be sub-divided into the 

administrative units of Mae Sa Mai and Mae Sai Noi village, and the Queen Sirikit 

Botanical Garden (Fig. 3.2). Topography is characterized by short to steep slopes, 

with small plateaus occurring at elevation levels of 620 to 1440 m a.s.l. Soil types are 

predominantly Acrisols, Cambisols and Umbrisols (Schuler et al., 2010). A seasonal 

tropical climate prevails with a distinct dry season from December to April and a rainy 

season from May to October, with an average annual precipitation of 1400 mm at 820 

m a.s.l. (Fröhlich et al., 2013). Due to the proximity to regional markets such as 

Chiang Mai city, the challenges MSMW faces can be regarded representative for other 

regions in Thailand and Southeast Asia under transition, especially those with a strong 

dependence on agricultural production (Schreinemachers et al., 2010). 

 

 

Figure 3.2 Location of Mae Sai Mai watershed (MSMW) in Chiang Mai province, 
Northern Thailand showing topographic and infrastructural features; locations of field 
measurement sites are indicated with 1–8 referring to litchi orchards and A–E 
referring to cabbage plots. 
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3.2.2 Analysing spatial and temporal patterns of land use change 

LUC dynamics were examined for a period of ten years using geo-referenced and 

digitized land-use maps of 1998 and 2005 (Wünscher, 1998; Schreinemachers et al., 

2008), and field surveys conducted in 11-12/2008. Based on the available maps given 

in 1998 as land-use specific and in 2005 as owner-specific cadastre information, land-

use types with low prevalence or predominantly similar characteristics and 

management practices were merged to facilitate the analysis. The originally 

distinguished twelve land-use classes were converted into six land-use types, namely 

fallow, field crops, orchards, vegetables, secondary forests, and built-up areas (Table 

3.1). Received datasets were converted into raster format using a pixel size of 625 m² 

(25 x 25m), resembling the smallest plot size of the cadastre 2005. All mapping work 

was done in ArcGIS 10. 

 

Table 3.1 Description of land use types chosen for land use change analysis in Mae Sa 
Mai watershed in 1998 to 2008. 
Land use type Description 

Fallow Short to intermediate fallow stages (< 3years), 
predominantly covered by grass and bushy vegetation 

Field crops Maize (Zea mays), paddy and upland rice (Oriza sativa) 

Orchards Litchi chinensis, Persimon spp. and Musa spp.  

Vegetables Brassica spp. (i.e. common cabbage); leafy vegetables and 
others, (i.e. lettuce and carrots) 

Secondary forests Degraded deciduous and dry evergreen forest types, with 
small reforestation patches of Pinus spp.   

Settlement Village areas, government or research buildings, i.e. royal 
project field  station 

 

Land-use patterns in 2008 were mapped by field surveys using the cadastre 2005 as 

basic sampling unit. Surveys were conducted in a stratified sampling design, dividing 

MSMW into eight sampling blocks. Within each block, land-use patterns of the 

cadastre 2005 were compared with the observed patterns in 2008. If LUC was 

detected, i.e. cut-down fruit trees or newly establishment vegetable fields, the land-use 

cadastre 2005 map was updated accordingly. Additionally, interviews were conducted 

with land owners of identified LUC fields in 2008 to crosscheck field observations 

again. 
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The quantification of LUC between the observation years 1998, 2005, and 2008 was 

computed by a cross-tabular comparison. The expected result is a transition matrix 

that identifies differences in extent of land-use type, and between two individual time 

periods (Lillesand and Kiefer, 2000). In a second analysis step, gains and losses for 

each land-use type were calculated to determine whether a land-use type i would have 

gained systematically from land-use type j and/or j lost systematically to i by adopting 

an approach of Aldwaik and Pontius (2012):  
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with Qtij the annual transition from land use type i to j during time interval Yt+1 and Yt, 

Ctij the number of pixels that transition from land use type i at time interval Yt to land 

use type j at time interval Yt+1, and t the index of the initial time step of the interval 

(Yt, Yt+1). 

 

3.2.3 Land use change modelling with Dyna-CLUE 

The spatially-explicit ‘Dynamic and Conversion of Land-use Effects’ (Dyna-CLUE) 

model (Verburg et al. 2006) was used to project different LUC scenarios varying in 

change intensity and trajectory composition for the period of 2009 to 2029. An 

intermediate prospection period of twenty years was chosen following 

recommendations of Ziegler et al. (2012) that after this period ACG built-up rates 

would have reached an equilibrium stage. Scenario simulations are particularly 

suitable in addressing uncertainties generated by socio-economic processes across 

space and time, and associated changes in ecosystem functionality (Hou et al., 2013). 

Dyna-CLUE was chosen as it has proven its validity in various studies across different 

scales and regions of Southeast Asia (i.e. Castella and Verburg 2007; Fox et al., 2012; 

Trisurat et al., 2010). The model simulates the spatial patterns of LUC in a raster-

based environment and annual time step. It requires input information such as annual 

land-use demands, spatial policies or other land-use restrictions, location 

characteristics, and land-use type-specific conversion settings (Overmars et al., 2007; 

Trisurat et al., 2010). Land-use demands and spatial policies are scenario-specific, 

whereas location characteristics are assumed equal for all scenarios (Trisurat et al., 

2010). Based on the calibrated setup, individual land-use trajectories are simulated by 
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Dyna-CLUE by calculating the total probability per land-use type, grid cell and time 

step by an iterative procedure (Verburg et al., 2006). 

 

3.2.3.1 Scenario-specific land use demands 

Annual land-use demands were calculated as part of a specific scenario setting and the 

spatial restrictions of forest conservation and botanical garden area of MSMW. Five 

LUC scenarios were developed, with the summary of individual scenario 

characteristic and LUC trajectories given in Table 3.2. 

The scenario TREND basically continues the latest observed LUC trends (2005-2008) 

using results of the GIS analysis (Section 3.2.2). The storylines of the OFF-FARM 

and CROP-SHIFT scenario were derived from participatory focus group discussions 

with 32 villagers, employing methods of Lippe et al. (2011). Participant groups were 

composed by a mixture of local key persons such as village headmen, farmers 

cultivating plots in MSMW, and villagers not involved in any farming activities. The 

OFF-FARM scenario favours a 25% reduction of agricultural intensification 

compared to recent LUC trends as induced by increasing off-farm working 

opportunities and the related abandonment of local farming. Similar trends were also 

discussed by Schreinemachers et al., (2010) to overcome the declining profitability of 

litchi orchards in Northern Thailand. The CROP-SHIFT scenario on the contrary 

favours a continuous replacement of vegetable fields at the expense of maize-based 

farming systems, driven by the expectance of local stakeholders that regional livestock 

feed demands may raise. According to FAO (2011), demands of livestock feeds are 

expected to continue in the next decades in many countries of Southeast Asia driven 

by a change in consumer preferences towards dairy and meat products. The imposed 

crop shift further results in a continuous area competition between vegetable and field 

crop cultivation sites, whereas annual orchard conversion rates would be 

approximately 10% lower than in case of the TREND setup. 

The NEW ORCHARD and REFOREST scenarios were deduced from key expert 

interviews with officers of the District Department of Agriculture, the Department of 

Forestry, and the Royal Project Foundation, a none-governmental organisation 

engaged in agricultural and environmental management extension services. 

REFOREST follows the Department of Forestry’s vision to convert fallow and 

vegetable fields by a rate of 2 ha per year into reforestation sites. NEW ORCHARD 

follows an intervention scheme proposed by the Royal Project Foundation and the 

Department of Agriculture to introduce a new fruit tree species (Persimon spp.) as 

means of farm product diversification. Following this storyline, the plantation of new 
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orchards would be on the expense of field crop or vegetable fields whereas existing 

orchards would be not replaced. New orchards would be planted at a similar rate of 2 

ha per year to allow the comparison with REFOREST in terms of AGC stock built-up 

rates. 

 

Table 3.2 Summary of scenario storyline characteristics and associated land use 
change trajectories as simulated with Dyna-CLUE based on GIS analysis, 
participatory focus group discussions and expert interviews. 

Scenario Storyline description
a
 Based on LUC 

trajectories
b
 

TREND Continue current LUC trends 
(2006 to 2008) until 2029 based on 
examined GIS datasets.  

GIS analysis OR 
 FA, VE 

OFF-FARM LUC intensification decreases by 
25% compared to TREND as a 
result of increasing off-farm 
working opportunities and 
abandonment of farming activities. 

Participatory 
analysis 

OR 
 FA, VE 

CROP-SHIFT Cash-crop shift from vegetables to 
maize-based field crop systems 
induced by raising regional 
demands for livestock feeds. 
Conversion of orchards 10% lower 
than TREND. 

Participatory 
analysis 

OR 
 FC, VE 

NEW 
ORCHARD 

Establishment of new fruit tree 
orchards with Persimon spp. on 
fallow, field crops and vegetable 
fields by 2 ha per year until 2029. 

Depart. of 
Agriculture, 
Royal project 
foundation 

FA, FC, VE 
 OR  

REFOREST Continuous reforestation of fallow 
and vegetable fields with local tree 
species by 2 ha per year until 
2029. 

Depart. of 
Forestry  

FC, FA, VE 
 SF 

a Based on the general assumption that LUC or land use expansion cannot occur in 
forest areas; b land use types: FA – Fallow, FC – Field crop, OR – Orchard; VE – 
Vegetable, SF – Secondary forests 

 

3.2.3.2 Location characteristics 

Dyna-CLUE expects LUC at locations with the highest ‘preference’ for a specific 

land-use type and year. The model quantifies the relation between land-use type 
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occurrence, and the physical or socio-economic conditions of a location with a 

probability function derived from a logistic regression analysis (Trisurat et al., 2010; 

Verburg et al., 2002): 

 

  nni XXXpLogit   ...22110              (3.2) 

 

with pi denoting the probability per grid cell to have the selected land-use type i, X the 

vector of LUC driving factors, and coefficients β estimated using the actual land-use 

pattern as dependent variable. The resulting logit model indicates the preference of 

land-use type i based on the relationship of its occurrence, and the biophysical and 

socio-economic conditions per grid cell. Evaluating the goodness-of-fit of (Eq. 3.2) 

was computed with the relative operating characteristic coefficient (ROC), comparing 

the observed values over the whole domain of predicted probabilities, instead of 

evaluating the percentage of correct observations at a fixed cut-off value only 

(Verburg et al., 2002). The effect of spatial autocorrelation is minimized by 

performing the regression on a random sample of pixels at a minimum distance to 

each other (Verburg et al., 2006). A completely random logit model would result in 

ROC ≤0.5 while a value of >0.7 is preferable. A perfect model fit would be received 

at ROC=1 (Pontius and Schneider, 2001).  

The physical location factors representing potential limitations for agricultural 

production in this study included elevation, altitude and local soil types (Acrisol, 

Cambisol, Umbrisol), and distance to streams. The latter one was chosen as a proxy 

for the availability of irrigation water during dry seasons. Socio-economic factors 

included distance to village as a proxy of local consumption, while distance to road 

was selected as proxy for the costs to transport agricultural commodities to nearby 

markets. Elevation and slope maps were computed from a digital elevation model 

(LDD, 2002), and the distance to road and stream maps were derived from a base map 

of the Land Development Department, Thailand (Scale 1:50.000; reference year 

1999).  

A local soil map was obtained from Schuler et al. (2010). Adjusting all maps to the 

required spatial scale and conversion into raster format was done in ArcGIS 10. 

Regression coefficients (Eq. 3.2) were computed by converting all maps mentioned 

above (Fig. 3.2 and 3.3) and the land-use map 2008 into ASCII-format. SPSS 21 was 

used for the statistical analysis of each land-use type’s presence or absence in 

correspondence to its location factors, using land-use 2008 as dependent variable. 



Chapter 3  Simulating land use change dynamics 

69 

 

 

Figure 3.3 Dyna-CLUE input maps: (a) distance to village, (b) distance to streams, 
(c) distance to roads, and (d) soil types. 

 

3.2.3.3 Conversion matrix and land use elasticity 

Land-use policies can influence the patterns of LUC and are reflected in Dyna-CLUE 

by a conversion matrix, with the rows representing land-use type i at time step t and 
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the columns indicating land-use type i at time step (t+1). Each land-use type is 

assigned a relative elasticity to conversion, ranging from 0 (easy conversion) to 1 

(irreversible change) (Verburg et al., 2002). Elasticity can be explained as the 

resistance of a specific land-use type to change its location. Elasticities are 

implemented in Dyna-CLUE as additional location suitability to assign a large 

influence to land-use history (Overmars et al., 2007). Following recommendations of 

Trisurat et al. (2010), a conversion elasticity of 1 was set to secondary forest and 

urbanized areas, given their low likelihood to be converted to another land-use type. 

An elasticity value of 0.5 was given to orchards, whereas fallow, field crops and 

vegetables were set to 0.2 given their higher likelihood of conversion as a result of the 

ongoing agricultural dynamics in MSMW. 

 

3.2.3.4 Validation procedure 

The calibrated Dyna-CLUE model was evaluated executing TREND scenario settings 

for the period of 1998-2008. Simulated land-use maps in 2005 and 2008 were 

compared with their corresponding land-use maps using the goodness-of-fit (GOF) 

approach of Costanza et al. (1989). The GOF approach compares the accuracy of the 

LUC model to the accuracy of its null model at multiple resolutions. A null model is 

defined as model that assumes complete persistence of land-use across the simulated 

time period (Pontius et al., 2008). GOF requires three sets of maps to perform the 

statistical analysis: (i) a reference map of initial simulation year, i.e. land-use map 

1998, (ii) a reference map of final simulation year, i.e. land-use map 2008, and (iii) a 

corresponding land-use map as computed by Dyna-CLUE for 2008. The resulting 

GOF indicator (GOFt) compares the accuracy of the LUC model to the accuracy of its 

null model at multiple resolutions, ranging from 0 to 1, with one indicating a perfect 

model fit (Castella and Verburg, 2007). 

 

3.2.4 Carbon stock accounting procedure 

Time-averaged AGC (AGCTA) budgets were computed for each year and grid cell 

(625m²) to assess the impact of a specific LUC scenario on AGC stocks during the 

prospection period in 2009-2029. Time-averaged AGC data have the advantage to 

allow the comparison of land-use types with different rotation lengths and carbon 

sequestration potentials, i.e. secondary forests vs. orchards (Hariah et al., 2011; 

Ziegler et al., 2012). Input data to compute land-use type-specific and time-averaged 

AGC stocks were obtained from field measurements and literature sources (Table 

3.3). Inputs were calculated for those land-use types in MSMW featuring vegetation 
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components only. Settlements were excluded from this list given the dominance of 

paved and concrete structures. Further details of field data collection and literature 

selection procedure are described in (Supplement S3.1 and S3.2).  

 

Table 3.3 Summary of land use type-specific, time-averaged above-ground carbon 
(AGCTA) input data (Mg ha-1) employed for carbon stock accounting procedure; 
AGCMAX – maximum above ground carbon stored for each land use type (Mg ha-1), 
AGCINC – annual above ground carbon increment (Mg ha-1), TR – time of land use 
rotation period (in years); avg – average, min – minimum, max – maximum referring 
to summarized input data ranges. 

Land use
#
 AGCTA

$ AGCMAX AGCINC TR Reference 

 avg min max avg min max avg min max avg min max  

 (Mg ha-1) (Mg ha-1 a-1) (years)  

Fallow 1.0 0.6 1.5 3.0 1.8 4.5 1.0 0.6 1.5 3 3 3 a, b 

Field crops 0.7 0.3 1.4 1.4 0.5 2.7 0.5 0.3 0.9 1 1 1 b, c, d 

Orchards 7.7 4.4 11.3 15.3 8.8 22.6 0.7 4.4 11.3 22 10 33 own survey 
(n=8) 

Vegetables 0.3 0.1 0.4 0.5 0.3 0.8 0.3 0.2 0.4 1 1 1 own survey 
(n=5) 

Secondary 
forests 

39.4 15.4 56.9 78.8 30.7 114 1.6 0.6 2.3 50 39 68 a, d, e, f, g, 
h, i  

#: Settlements were excluded from this list due to absence of vegetation features  
$: referring to entire land-use rotation period; a Thomas et al., (2002); b Bruun et al. 
(2009); c Matsumoto et al., (2008); d Pansak et al., (2008); e Ziegler et al., (2012);  
f Fukushima et al., (2008); g Kaewkron et al., (2011); h Terakinsuput et al., (2007);  
i Petsri and Pumijumnong, (2007); j Gnavalrajah et al., (2008).  
(Note: Zea mays was chosen as benchmark field crop with the considered AGC stock 
referring only to those stocks remaining on the field after crop harvest. In case of 
secondary forests, AGC stocks include the biomass strata: trees, deadwood and under-
storey vegetation; for further explanations see: Supplement S3.1). 
 

Scenario-specific AGC budgets at watershed-scale were calculated by coupling 

simulated land-use maps of Dyna-CLUE with a carbon stock accounting procedure of 

van Noordwijk et al. (2008) by using the software PCRaster (PCRaster, 2010) as 

integration platform:  
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with ΔAGCTA(t,t+1) the annual change in time-averaged AGC stocks at watershed-scale 

(Mg a-1), ai as land use type-specific fraction of total area A (ha), AGCTA(i,t) the land 

use type-specific time-averaged AGC stock density (Mg ha-1) and t timestep (years). 

 

3.2.5 Sensitivity analysis 

A sensitivity analysis was performed as means of uncertainty assessment (Crosetto et 

al., 2000; Verburg et al., 2013). The analysis relates the input factors, in this case the 

level of AGCTA per land-use type, to the uncertainty in model response as the 

computed evolution of AGCTA at watershed-scale. Coupled AGC-LUC simulations 

were executed in PCRaster by employing separately the computed average, minimum 

and maximum range of AGCTA inputs (AGCTA-AVG, AGCTA-MIN, AGCTA-MAX) (Table 3.3), 

resulting in a total of 15 coupled scenarios, respectively. 

 

3.3 Results and discussion 

3.3.1 Spatial and temporal patterns of land-use during 1998 and 2008 

The examined dynamics in land-use systems could be mainly attributed to the 

agricultural-related watershed areas with orchards and vegetables revealing substantial 

changes during the assessment period of ten years (Table 3.4). The area under 

orchards amounted 284.7 ha in 2005, and decreased to 254 ha in 2008 whereas 

vegetable areas decreased to 28.9 ha in 2005, and then increased to amount 61.5 ha in 

2008, respectively. Field crops and fallow land were continuously reduced during the 

considered assessment period, covering an area of 8.9 and 15.7 ha in 2008 only. 

Urbanized areas such as houses, governmental or other buildings (i.e. botanical 

garden) and paved surfaces increased by 20.3 ha in 2005, and remained stagnant 

thereafter. Secondary forests were the dominant land-use form in MSMW covering 

approximately 70 % of total watershed area (Fig. 3.4) during the entire assessment 

period. Following the cross-tabular comparison, the land-use type-specific gain and 

loss analysis identified four different LUC trajectories being active during the period 

of 1998-2008 (Fig. 3.5). In 1998-2005, one trajectory favoured the increase of orchard 

plantations on the expense of fallow (-4.6 %), field crops (-5.0 %) and vegetable fields 

(-1.7 %). A second trajectory could be attributed to the conversion of fallow (-2.2 %) 

into secondary forest sites. Both LUC trajectories came to a halt in 2006-2008 where 

field crops were continuously fallowed (+1.0 %) and orchards were converted into 

vegetable fields (+2.7 %) instead. 
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Table 3.4 Temporal and spatial variations of land use types and calculated land use 
change rates (in ha) of 1998, 2005 and 2008 in Mae Sa Mai watershed, based on field 
surveys in 2008 and available datasets in 1998 (Wünsche, 1998) and 2005 
(Schreinemachers et al., 2010). 

 Land use area Annual land use change rate 

1998 2005 2008 98-08 98-05 06-08 

Land use types                (ha) 

Fallow 93.4 6.9 15.7 -7.1 -12.4 2.9 

Field crops 74.6 21 8.9 -6 -7.6 -4 

Orchards 162.1 284.7 254 8.4 17.5 -10.2 

Vegetable 32.6 28.9 61.5 2.6 -0.6 10.9 

Secondary forests 686.3 699 700.6 1.3 1.8 0.5 

Settlements 12 20.3 20.8 0.8 1.2 0 

 

The examined LUC patterns disclosed simultaneous and consecutive periods of ‘push 

and pull’ (Fox and Vogler, 2005). The decrease of field crop and fallow areas in 1998-

2005 was for example pushed by government initiatives to restrict swiddening 

farming in Northern Thailand and to remain control of upland forest areas 

(Vanwambeke et al., 2006). Given the emerging cash crop opportunities in the same 

period however, a simultaneous pull triggered the expansion of orchard areas as 

promising economic opportunity for local farmers. This trend was also supported by 

institutional initiatives to protect steep sloping environments against soil erosion 

(Neef and Thomas, 2005). A further pull was induced during the second observation 

period in 2006-2008 as triggered by decreasing litchi fruit prices and the subsequent 

need of orchard farmers to diversify their income opportunities (Schreinemachers et 

al., 2010). This pull resulted in an increase of vegetable productions areas following 

the promise of higher and faster economic returns, further supported by the increasing 

regional demand of fresh vegetables (Lippe et al., 2010). The increase of secondary 

forest areas was the result of a governmental pull given by newly implemented forest 

conservation and reforestation policies (Vanwambeke et al., 2006). This was not 

directly obvious with the LUC analysis, because reforestation and secondary forests 

were merged into a single land-use class instead. An additional land-use type 

‘reforestation’ would have been more suitable in this case. Caution has to be also 

taken to correctly evaluate the relatively steep increase (~40%) of built-up areas 

during the period of 1998 to 2005. This could be mainly attributed to the construction 



Chapter 3  Simulating land use change dynamics 

75 

of a new royal project foundation field station as the annual increase of village area 

was rather small (+1.1 ha) (data not presented). Landscape matrices generally presents 

a high heterogeneity which leads to a strong time-dependence of landscape features 

(Hou et al., 2013). As many landscape features appear in continuous gradients, it is 

often difficult to simplify and classify landscapes by distinguishing discrete features 

from one another (Ardli and Wolff, 2008). Nevertheless, examined spatial patterns 

and observed LUC trends matched well with other regional studies in Thailand and 

Mainland Southeast Asia (Fox and Vogler, 2005; Vanwambeke et al., 2008; Trébuil et 

al., 2006).  

 

 

Figure 3.5 Results of the land use change intensity analysis depicting the major land 
use trajectories (> 5 ha) and their contributions to net area change (%) in 1998 to 2008 
in Mae Sa Mai watershed. 

 

3.3.2 Dyna-CLUE modelling performance 

The spatial occurrence of land-use types could be explained in acceptable to good 

ranges by the employed logit models shown by good to satisfying ROC values of 0.98 

(urban) to 0.74 (vegetable). Not all factors of the regression computations were 

significant at p<0.05 and if significant, contributed differently depending on land-use 

type and prediction variable (Table 3.5).  
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Table 3.5 β regression coefficients for significant location factors related to land use 
change using land use of 2005 as dependent variable. 
Variable$ Secondary 

forests 
Orchard Vegetable Urban Field crops Fallow 

Dist. to river 0.00022 n.s.a 0.00108 0.00372 -0.00048 n.s. 

Dist. to road 0.00166 -0.00099 -0.00321 -0.04871 -0.00152 -0.00142 

Dist. to village 0.00062 -0.00138 -0.04768 -0.05371 -0.00270 0.00024 

Elevation 0.00462 -0.01068 n.s. n.s. -0.04369 0.00274 

Slope 0.05177 -0.03417 n.s. n.s. 2.09721 n.s 

Soil-1b -3.98030 n.s n.s. n.s. n.s. 1.85886 

Soil-2b -1.55347 -19.13110 n.s. n.s. n.s. 0.98312 

Soil-3b -0.75410 -19.70689 n.s. n.s. n.s. n.s. 

Constant  -2.48426 72.54214 0.92435 6.96827 0.42124 -7.10217 

ROCc 0.82 0.85 0.74 0.98 0.75 0.75 

$ Dist. – distance; a n.s., not significant at p>0.05; b Categorical variable: Soil 1-
Acrisol, Soil 2-Cambisol, Soil 3-Umbrisol (based on: Schuler, 2008); c relative 
operational characteristic, with one indicating a perfect fit.  

 

For example, the distance to road was significant for orchards which could be for 

example attributed to the necessity of road networks to assess plantations by pickup 

trucks. The significance of vegetables related to the distance to streams and road 

networks could be explained by the need of irrigation water during dry seasons and 

the necessity of motorized transportation of fresh products to nearby market hubs in 

Chiang Mai city. In contrast, none of the tested soil types were significantly correlated 

to explain the occurrence of field crops or vegetables. This was probably related to the 

small share of field cropping sites in 2008 and the locally applied high fertilizer 

inputs, not necessarily requiring very fertile soils (Schreinemachers et al., 2008). 

Differences further occurred as for example built-up areas require specific land 

features such as plain or flat lands whereas orchards and secondary forests occurred at 

all elevation and slope ranges. Location accuracy of pixels simulated with the TREND 

scenario compared to the land-use reference maps 2005 and 2008 is presented in (Fig. 

3.6).  
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Figure 3.6 Goodness-of-fit (GOFt) of TREND scenario as simulated for the period of 
1998 to 2008, with (a) computations for the period of 1998-2005 and (b) for 2006-
2008, with GOFt=1 referring to a perfect model fit. 
 

The goodness-of-fit coefficient (GOFt) depicted the ability of simulated land-use 

patterns by Dyna-CLUE compared to field observations in 1998-2005 (Fig. 3.6a) and 

2006-2008 (Fig. 3.6b). Model simulations were more accurate than the null model at 

all resolutions (25 to 125m) demonstrated by an overall good to very GOFt being in a 

range of 0.80 to 0.91. GOFt computations further revealed that the proportional 

agreements of simulated and observed land-use patterns was quite high compared to 

other LUC simulation studies (Castella and Verburg, 2007; Lippe et al., 2011; Lusiana 

et al., 2012). This phenomenon was probably related to the high coverage of 

secondary forests (approximately 70%) in MSMW which did not substantially change 

in size or location in 1998-2008. As the spatial validation procedure of Costanza 

(1989) determines the fit between two maps across multiple resolutions, it becomes 
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clear that the area of secondary forests was already predicted well at the initial 

resolution of 25 m. Although model’s ability to replicate historical landscapes does 

not assure its ability to forecast future landscape patterns, it is always important to 

report the uncertainty of land-use modelling results given its distinct abstraction of 

reality. Verburg (2006) noted that validation based on historic data should be standard 

for any LUC model approach. This is especially relevant when LUC models are used 

to examine landscape dynamics and/or to represent landscape pattern-process 

relationships. 

 

3.3.3 Simulated land-use change patterns 

Following the calibrated land-use demands, computations of the TREND scenario 

resulted in an almost complete conversion of orchards into vegetable fields in 2029, 

and a clustering of fallow areas in close distance to village areas (Fig. 3.7). On the 

other hand, stakeholder-driven LUC simulations for example in the OFF-FARM 

scenario depicted a concentration of vegetable fields close to roads and a persistence 

of orchard areas in the central valley bottom. Moreover, CROP-SHIFT simulations 

resulted in various field crop clusters located for example in the northern watershed 

region and at close distances to roads. In this case, orchard areas also remained in the 

central-valley bottom as prospected in OFF-FARM, however, were further dissected 

by a mixture of fallow, field crops and vegetable fields. 

Simulated spatial patterns of the NEW ORCHARD scenario were comparatively 

similar to TREND conputations in 2029, as for example demonstrated by the 

clustering of orchard areas in the central watershed region. The calibrated LUC 

trajectories simulated with the REFOREST scenario resulted in an overall decline of 

agricultural production areas on the expense of secondary forests sites. This was 

especially prominent in the southern watershed region, with the majority of new 

secondary forests plots prospected at high altitudes and steep slope locations. 

Scenario simulations demonstrated that agriculture will remain an important land-use 

component in MSMW in 2029, with two general trends distinguishable. First, 

stakeholder-driven LUC patterns would lead to a continuation of land-use 

intensification focusing mainly on cash-crop systems as depicted by the TREND or 

CROP-SHIFT simulations. The focus towards cash crop-driven production systems 

relying for example on vegetables as simulated by TREND follows farmer’s promise 

of high economic returns compared to declining profitability of litchi orchards. This 

trend seems realistic given the ongoing change in consumer behaviour (Lippe et al., 

2010), and will substantially influence upland farming patterns in northern Thailand 
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over the next decades (Schreinemachers et al., 2010; Trébuil et al., 2006). An increase 

in off-farm working opportunities in contrast will lead to a reduction in land-use 

intensification patterns as simulated by OFF-FARM. Seasonal or permanent migration 

of rural labour has already begun to influence labour-intensive farm management 

practices in MSMW, and will become an even more important factor in land-use 

development trends in the near future (Schreinemachers et al., 2010).  

 

 
Figure 3.7 Results of the Dyna-CLUE scenario simulations in 2029 based on 
outcomes of the land use change analysis (TREND), stakeholder assumptions (CROP-
SHIFT and OFF-FARM) and institutional visions (NEW ORCHARD and 
REFOREST). 
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On the contrary, institutional-driven LUC dynamics will rather focus on long-term 

environmental strategies as simulated by the NEW ORCHARD and REFOREST 

scenarios. This counteracts local stakeholder demands of fast economic returns, as 

fruit trees are not productive in the first years of cultivation, and reforestation sites are 

not necessarily foreseen for any economical purposes, except for financial 

remuneration by the establishment of a REDD+ project site. It is further questionable 

if a fruit tree-based land-use system will be still economically feasible in MSMW. 

Schreinemachers et al. (2010) discussed that only the introduction of post-harvest fruit 

drying or drip irrigation techniques can potentially offer new financial incentives to 

local litchi orchard farmers to sustain their plantations into the future. The scenario 

analysis could further demonstrate that prospected LUC patterns will not remain 

static, but will be rather driven by external factors such as markets demands or 

environmental policies. Building on local stakeholder knowledge and expert 

interviews was useful in this case to develop scenario storylines that were grounded 

on plausible local assumptions. This is important as it increases the credibility and 

legitimacy of an individual scenario setting for local stakeholders and environmental 

agencies (Lusiana et al., 2011). Especially the latter one is important when aiming to 

address land-use management goals that are requiring the participation of different 

local stakeholder groups, i.e. REDD+ project site. 

 

3.3.4 Prospected impacts of land-use change on above-ground carbon 

stocks 

Coupled LUC-AGC computations prospected time-averaged AGC stocks in a range of 

approximately 12-43 Gg in 2029 (Fig. 3.8). Depending on employed AGCTA input 

dataset, up to 1.7 Gg of additional AGCTA could be built-up by either newly 

established reforestation or orchard areas. In contrast, an AGCTA stock of 0.4 Gg AGC 

would be lost if current LUC trends would continue until 2029. For scenarios 

favouring the conversion of orchards into vegetable or field crop systems (TREND, 

OFF-FARM, CROP-SHIFT), watershed-scaled AGCTA stocks decreased in a range of 

1.2% (Fig. 3.8b: OFF-FARM) to 7.6% or 0.45 to 1.01 Gg (Fig. 3.8a: TREND) 

compared to the base year 2009. Moreover, computations of TREND and CROP-

SHIFT simulations revealed the highest AGCTA stock losses through all simulated 

scenarios, independently of employed AGCTA data level, off-setting the AGCTA gains 

achieved in 1998-2008. Scenarios favouring a reduction of vegetable or field crop 

areas (NEW ORCHARD, REFOREST) were able to built-up AGCTA stocks in a range 

of 0.2 to 4.1% or 0.1 to 1.7 Gg in 2029 instead.  
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Figure 3.8 Time-averaged above-ground carbon (AGCTA) stocks (in Gg) as computed 
with the coupled Dyna-CLUE carbon-accounting procedure for each scenario in 2009-
2029 at watershed-scale with (a) referring to minimum (AGCTA-MIN), (b) average 
(AGCTA-AVG), and (c) maximum (AGCTA-MAX) inputs; with dashed lines referring to 
AGCTA stocks in 1998 and 2008. Values denote continued change (%) in AGCTA in 
2029, compared to 1998 and 2008. (For scenario definitions: see Table 3.2). 
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Fig. 3.9 presents size and spatial distribution of newly evolved AGCTA sources and 

sinks in 2029, with each scenario showing a distinctively different spatial pattern. For 

example, outcomes of the coupled TREND scenario simulations resulted in the 

highest prospected AGC loss of up 7.7 Mg ha-1 at those sites were orchards were 

converted into vegetable fields. In the same setting however, simultaneously new 

AGCTA stocks were prospected for example in small patches at the south-western 

watershed region. A simulated increase of fallow or reforestation areas fostered the 

build-up of new AGCTA stocks as expected.  

 

 

Figure 3.9 Prospected scenario-specific time-averaged above-ground carbon (AGCTA) 
gains and losses (in Mg ha-1) in 2029 compared to the status-quo in 2008, simulated 
with the coupled Dyna-CLUE carbon accounting modelling procedure; (Note: 
Greenish colours refer to gains in AGC stocks, except for the base year 2008, orange-
reddish colours refer to a loss of AGC stocks until 2029.). 
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This was especially prominent in case of REFOREST, with the highest simulated new 

AGCTA stocks being in a range of 29-39 Mg ha-1, located for example on steep sloping 

and ridge top locations. The simulated patterns differed to the OFF-FARM and 

TREND simulations, where new AGCTA stocks were mainly prospected at the upper 

and south-western watershed region. Although outcomes of the NEW ORCHARD and 

REFOREST scenarios revealed large gains in AGCTA stocks by 2029 (Fig. 3.8), 

substantial amounts of AGCTA stocks were also lost at other watershed locations 

simultaneously. This was especially prominent in close distances to village areas and 

road networks, depicting AGCTA loss rates in a range of 4.4–11.3 Mg ha-1. The 

establishment of tree plantations or reforestation sites are promoted as one of the 

effective methods to built-up long-term AGC pools (Bruun et al., 2009). This could be 

demonstrated with the NEW ORCHARD and REFOREST scenario simulations. 

Nevertheless, strong variations in carbon sequestration potentials can occur by 

selected plantation species, management practices and environmental conditions 

(Ziegler et al., 2012). This type of uncertainty could be captured with the sensitivity 

analysis, demonstrating the wide amplitude of prospected AGC stocks at watershed-

scale. The analysis further showed that the uncertainty of prospected AGC stocks was 

larger than the expected LUC scenario effect. However, simulated minimum and 

average AGC stocks in MSMW were realistic when comparing employed and 

prospected AGC stocks with other regional studies (Bruun et al., 2012; Ziegler et al., 

2012), whereas computed maximum time-averaged AGC stock data were partly 

higher compared to other estimates in the tropics (Becknell et al., 2012; Palm et al., 

1999). The coupled simulation procedure was useful in two ways. First, because it 

could account for the spatial and temporal dynamics of LUC at the scale of MSMW, 

and second because it relied only on moderate input demands derived from field 

measurements and literature sources. Although, dynamic and process-based carbon 

models promise more detailed output information as they are typically working on a 

finer temporal resolution such as days or months (i.e. Marohn and Cadisch, 2011). 

However, these approaches come with the trade-off of higher input requirements to 

parameterize all model processes involved, increasing the need of field monitoring 

substantially. 

 

3.3.5 Implications for environmental management and land-use planning 

Trade-offs often exists between local livelihoods and long-term carbon sequestration 

despite policy assumptions to integrate both strategies into a single land-use 

framework. Such goal conflicts are the result of contrasting agricultural policies, often 
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driven by economic demands that constrain the provisioning of long-term AGC sinks 

(Ziegler et al., 2012). This becomes an increasing challenge in Northern Thailand and 

other regions of Southeast Asia, as carbon finance schemes such as REDD+ do not 

recognize the role of other not purely forestry-based land use systems, i.e. agroforests 

(Villamor et al., 2013). It might be also questionable if the focus on a single land-use 

management goal such as long term AGC sinks will be beneficial in the long-run, as 

rather the diversity of social and ecological incentives will foster the transition into 

sustainable land-use configurations. This is important as the coupled LUC-AGC 

computations also revealed that the uncertainty of estimated AGC stocks can be larger 

than the expected LUC scenario effect. This highlightes the need to employ local 

AGC data sources, because ground-based inventories are essential as most space-

borne monitoring techniques, upon many national carbon emission reporting strategies 

rely on still show limitations in distinguishing adequately tropical tree-based land-use 

systems (Ziegler et al., 2012). For the case of Thailand, current land-use policies may 

further counteract local stakeholder needs as local LUC trajectories may not follow 

regional or national LUC trends upon many policy decisions rely on (Fox and Vogler, 

2005; Thomas et al., 2002).Thus, recognizing these spatial goal conflicts and 

developing integrated environmental policies at the spatial scale of consideration is 

important. If institutional actors want to focus on long-term land-use solutions, 

locally-adapted management strategies are needed that have to be developed in close 

cooperation with local stakeholders groups. This further implies that government 

agencies have to acknowledge upland communities as key partners for the 

development of sustainable watershed management strategies (Neef, 2012). 

 

3.4 Conclusion 

An integrated assessment of future land-use change (LUC) and its effect on above 

ground carbon stocks is presented for a case study watershed (10.6 km²) in Northern 

Thailand. The approach integrates a combination of geographic information systems 

(GIS) analysis, a LUC model and carbon stock accounting procedure. The study is one 

of the first attempts in Thailand acknowledging the dynamics of future LUC 

trajectories and its impact on AGC stocks at watershed-scale. For this purpose, 

different LUC scenarios were simulated with the ‘Dynamic and Conversion of Land-

use Effects’ (Dyna-CLUE) model in 2009 to 2029 using outcomes of GIS analysis, 

participatory appraisals and expert interviews with local stakeholders. Following the 

variability of time-averaged AGC input datasets, a maximum built-up of 1.7 Gg or 

4.1% by 2029 was prospected if land use strategies would favour a reforestation of 
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fallow and field crop areas. Clear differences were found in spatial distribution of 

AGC losses and gains between scenarios and the change of AGC sink, illustrating the 

continuing importance of LUC in future AGC changes. Outcomes of the coupled 

LUC-AGC simulations could demonstrate that the uncertainty of estimated AGC 

stocks was larger than the expected LUC scenario effect, ranging from approximately 

12-43 Gg at watershed-scale. The integrated assessment approach was especially 

useful due to its moderate input demands, enabling the comparison of land-use 

systems differing in AGC built-up rates and rotations times. The employment of LUC 

scenarios grounded on local stakeholder assumptions was further beneficial, because 

of its higher credibility for local land-use management strategies at watershed-scale. 

In case of Northern Thailand, collaborative land-use management schemes are needed, 

because at the end only stakeholders’ perceptions will determine the sustainability of 

upland watersheds in the long run. 
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3.5 Supplement 

Supplement S3.5.1 Calculation of time-averaged above-ground carbon stocks 

Comparing the above-ground carbon (AGC) sequestration potentials of land use 

systems with different rotation times require the estimation of the average AGC stored 

in the system over its entire rotation time, further referred to as ‘time-averaged AGC 

stock’ (AGCTA) (Hariah et al., 2011). For systems that are increasing or decreasing in 

area, the spatial average will be lower or higher than the time-averaged AGC value 

(Palm et al., 2000). Time-averaged AGC stocks take the dynamics of the system into 

account that can include for example tree regrowth and harvesting, hence, allows for a 

comparison of land use systems that have different tree growth and harvesting rotation 

times (Hariah et al., 2011). 

Four parameters are required to calculate a land use type-specific AGCTA stock: (i) the 

annual AGC increment rate AGCINC (Mg ha-1 a-1), (ii) the maximum AGC (AGCMAX, in 

Mg ha-1) stored in the land use system during its rotation period, (iii) the rotation time 

TMAX (years) to reach AGCMAX, and (iv) the rotation length per land use system TR 

(years) (Fig. S3.5.1). The calculation of AGCTA differs between a crop- and a tree-

based land use system. In case of tree-based systems, AGCMAX is reached at the end of 

the establishment phase (TMAX), after for example fruit production would still continue 

during the production phase, although without a further build-up of AGC (Fig. 

S3.5.1a). In such a case, AGCTA is determined as the weighted average of the AGCTA 

stock of tree establishment and tree production phase, with TR extending the total land 

use rotation period (Palm et al., 2000), respectively. This differs for long crop-fallow 

rotations such as swiddening or short seasonal crop-fallow systems and usually also 

attributed to field crop or vegetables production systems (Fig. S3.5.1b). Here, the 

AGCTA stock is essentially the carbon stored in the fallow vegetation between crop 

harvest and plot clearing. 

 

Supplement S3.5.2 Field measurements and literature reference selection criteria 

to calculate time-averaged above ground carbon stocks 

Field measurements were conducted for the two most prominent agricultural land use 

systems in MSMW, namely ‘orchards’ and ‘vegetables’ (Schreinemachers et al., 

2008). Given the variety of related cropping systems, Litchi chinensis (orchards) and 

Brassica spp. (vegetables) were chosen as specific benchmark crops. Crop selection 

followed their economic importance in MSMW and spatial occurrence in 2008 (see 

also: Section 3.2.2). In case of Litchi chinensis, plot selection followed a stratified 

sampling design using all litchi farmers in MSMW (n=112 in 2008) as first strata.  
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Figure S3.5.1 Schematic diagram of the build-up in above-ground carbon (AGC) 
stocks (bold line) and variables to calculate AGCINC the annual AGC stock increment 
for (a) tree-based land use system, and (b) crop-fallow rotation system; with AGCC – 
above ground carbon stock remaining in cropping system after harvest (Mg ha-1), 
AGCMAX – maximum AGC stock per land use type (Mg ha-1), AGCTA – time-averaged 
above ground carbon stock per land use type (Mg ha-1 a-1), T0 – time at start of land 
use rotation, TMAX – time to reach maximum AGC stock during tree establishment 
phase, TC – length of cropping period, TF – length of fallow stage, TR – land use 
rotation time (all in years) (adapted from: Palm et al., 2000). 

 

As next step, sixty households in MSMW (55 % of watershed) were randomly 

selected and interviewed for information on individual orchard planting density and 

related management activities. Orchard locations were identified during interviews 

with the cadastre map 2005. Based on this second strata, two orchards per identified 
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age class (13, 17, 24 and 32 years) (Fig. 3.3) were randomly selected, and four sub-

plots of 20 x 20 m per orchard demarcated (n=32). Within a sub-plot, diameter of 

trunk at breast height D (m) and tree height h (m) of all included trees was measured. 

Tree height h was determined from ground to the tip of crown using a pole of known 

length, and D was measured with a tape. Due to the absence of a Litchi-specific 

allometric equation, AGC (kg) per tree was computed using a formula of Chave et al. 

(2005) for seasonal tropical forest stands and rainfall regimes of <1500 m year-1: 

 

   5.059.0112.0 916.02  HDAGC                               (S3.5.1) 

 

with AGC above ground carbon (kg), 0.59 the wood specific density (g cm-3) of Litchi 

chinensis in MSMW (Nagle et al., 2007), and 0.5 as conversion coefficient for 

biomass-to-carbon (IPCC, 2007). In contrast to literature recommendations (Hariah et 

al., 2011), deadwood and under-storey vegetation of orchards were not measured in 

this study given the frequent application of herbicides, the burning of ground litter by 

orchard farmers once or twice a year, and the use of deadwood and branches by local 

villagers as firewood source. In case of Brassica spp., five farmer-managed plots were 

selected to determine the respective AGC stock (Fig. 3.2). Prior the beginning of 

annual field preparation in April 2008 and May 2009, destructive samples were 

collected from ten randomly selected 1 m² sub-plots per farmer plot and weighed to 

determine fresh biomass (kg) (n=100). Per sub-plot, a 1000 gram composite sub-

sample was taken and oven-dried at 70° C for at least 48 hours until weight changes 

did not occur. AGC per farmer plot was calculated on a hectare basis using the 

biomass-to-carbon conversion coefficient 0.5 (IPCC, 2007). 

Literature references were used to derive AGC input datasets for land use types 

fallow, field crops, and secondary forests. In case of fallow and field crops, this was 

done due to overall small share of land use area, and in case of secondary forests due 

to local restrictions to conduct surveys in the natural conservation areas. Zea mays was 

chosen as benchmark field crop given to its local importance as feed stock source 

(Schreinemachers et al., 2008). In case of field crop systems, literature references 

were selected for comparable study sites in North-eastern and Northern Thailand, with 

the considered AGC stock referring only to those AGC stocks remaining on the field 

after crop harvest (Palm et al., 2000). In case of secondary forests, only those 

references were selected which comprised the above ground biomass strata: trees, 

deadwood and under-storey vegetation as recommended by Hariah et al. (2011). 
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spatially-explicit and stream power-driven erosion and sediment deposition model in 
Northern Vietnam. Catena 120, 134-148 (http://dx.doi.org/10.1016/j.catena.2014.04.002), 
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Abstract 

Land use change and unsustainable farm management practises have led to increased 

soil erosion with severe consequences on the natural resource base in mountainous 

Northern Vietnam. Given the often prevailing data-limited situations in these regions, 

simulation models can be used to evaluate alternative land use trajectories and to 

provide decision support for soil conservation planning. In this study, we present a 

newly developed dynamic and spatially-explicit EROsion and sediment DEPosition 

model (ERODEP) which simulates soil erosion by stream power principles, sediment 

deposition based on texture-specific settling velocity classes, and sediment re-

entrainment to move previously deposited particles back into runoff flow. ERODEP 

runs on a daily basis and was linked with the Land Use Change Impact Assessment 

model (LUCIA) building on its hydrological and vegetation growth routines. The 

combined modelling framework was employed for a period of four years using field 

datasets of a small case study watershed. ERODEP-LUCIA simulated reasonably well 

soil erosion and sediment deposition patterns following the annual variations in land 

use and rainfall regimes. Output validation (i.e. Modelling Efficiency=EF) revealed 

satisfying to good simulation results, i.e. plot-scale soil loss under upland swiddening 

(EF: 0.60–0.86) and sediment delivery rates in monitored streamflow (EF: 0.44–0.93). 

Cumulative sediment deposition patterns in lowland paddy fields were simulated 

fairly well (EF: 0.66), but showed limitations in adequately predicting silt fractions 

along a spatial gradient in a lowland monitoring site. Findings of a sensitivity analysis 

demonstrated the interplay of soil erosion and sediment deposition by superimposed 

variations in stream power, sediment velocity and vegetation-related parameters. 

Results highlighted the potential of ERODEP-LUCIA as an integrated biophysical 

assessment tool for mountainous ecosystems with moderate data availability. 

 

Keywords 

Soil erosion, sediment deposition, spatially-explicit, stream power-driven model, 

Northern Vietnam 

 

4.1 Introduction 

In mountainous Northern Vietnam, population pressure and market-driven forces have 

fostered the expansion of farming areas into steep sloping environments (Lippe et al., 

2011; Saint-Macary et al., 2010; Sikor and Truong, 2002; Valentin et al., 2008). These 

dynamics led in combination with the locally prevailing rainfall patterns to an increase 

of runoff-driven soil erosion with detrimental effects on agricultural production and 
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ecosystem functions (Chaplot and Poesen, 2012; Wezel et al., 2004; Ziegler et al., 

2004). 

Water-induced erosion is a complex and dynamic process at the landscape-scale. It 

involves detachment, transport and deposition of soil particles whose spatial and 

temporal distribution is intimately driven by the interplay of land use, soil and 

topography (Chaplot and Poesen, 2012). On-site effects influence agricultural 

productivity by the loss of nutrient-rich topsoil particles, reducing crop yields in the 

short- and soil fertility in the long-run (Blanco and Lal, 2008; Fiener et al., 2008). Off-

site effects can comprise the pollution of surface water bodies by high loads of 

dissolved sediments or colloid substances such as pesticides (Ciglasch et al., 2005; 

Kahl et al., 2008). Soil cover by vegetation or surface litter plays a crucial role in this 

context. It reduces the erosive force of runoff flow by an increase in surface roughness 

and simultaneously enhances sediment deposition by a decrease in flow velocity 

(Blanco and Lal, 2008; Boardman, 2006; Podwojewski et al., 2008; Rose, 1993). 

Sediment deposition often results in the accumulation of nutrient-rich soil particles on 

foot slopes or plain areas (Schmitter et al., 2010, 2011). Drawbacks need to be 

considered, as sediment deposition is a size-selective process where fine particles 

settle more slowly than coarser material forming enrichment areas of different soil 

quality (Beuselinck et al., 1999; Jetten et al., 1999; Hairsine et al., 2002). 

The assessment of soil erosion and sediment deposition with conventional methods is 

laborious and expensive. Especially in a transient environment such as Northern 

Vietnam, tools are desirable that can offer implications for soil conservation planning 

by preferably relying only on a minimum set of information. Such tools should be able 

to quantify the magnitude and the locality of soil loss and sediment deposition which 

is important for erosion risk assessment and evaluating the effects of land use change. 

With the rise of the Universal Soil Loss Equation USLE (Wischmeier and Smith, 

1978), modelling approaches emerged as important assessment tools in this context. 

ULSE draws in principle on a statistical analysis of spatially-lumped elements, and 

shows constraints when extrapolated beyond the limits of the corresponding data set 

(Ciesiolka et al., 1995; Meritt et al., 2003; Siepel et al., 2002). Based on these 

conceptual limitations, a new generation of process-based models were developed, 

with GUEST (Griffith University Soil Erosion Template; Misra and Rose, 1996), 

LISEM (Limburg Soil Erosion Model; de Roo et al., 1996) and WEPP (Water Erosion 

Prediction Project; Nearing et al., 1989) as prominent examples. These models aim to 

mimic the spatial and temporal variation of soil erosion and sediment deposition by a 

detailed representation of the geophysical environment compared to USLE. In case of 
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LISEM and WEPP, model algorithms were coupled with GIS systems disclosing new 

opportunities for environmental planning. 

Nevertheless, a trade-off exists between model complexity, functionality and 

predictive power (Fiener et al., 2008). LISEM requires more than ten input maps and 

similarly to WEPP draws on temporally fine-scaled input data which are not always 

available in data-limited environments such as Northern Vietnam. WEPP has been 

further criticised by segmenting a watershed into spatially-clustered elements raising 

questions of its applicability as decision support tool for soil conservation planning 

(Boardman, 2006; Merritt et al., 2003). GUEST has proven its validity in a number of 

plot-based studies (Ciesiolka et al., 1995; van Dijk and Bruijnzeel, 2004; Yu and 

Rose, 1999; Yu, 2005). It was recently also employed at watershed-scale, however, 

without considering sediment deposition and sediment re-entrainment processes (Bui 

et al., 2013). 

Given the global challenges of climate and land use change, new conceptual soil 

erosion and sediment deposition models are required (Blanco and Lal, 2008; 

Boardman, 2006; Nearing and Hairsine, 2011), and these need to be coupled with 

corresponding mechanistic, spatially-explicit vegetation and land use change models. 

Compared to existing modelling approaches, the added-value of such a tool lies in its 

integrated representation of hydrological, geophysical and vegetation factors in a 

dynamic and spatially-explicit environment. However, caution has to be taken, as an 

increase in model complexity should not necessarily lead to an increase in data 

demand, and preferably rely only on a minimum set of input maps such as land use, 

soil and topography. Drawing on such a modelling framework would not only allow a 

wider application in regions such as Northern Vietnam, but could also support the 

urgent need to establish sustainable soil conservation strategies in these vulnerable 

landscapes. Following these premises, we developed the EROsion and sediment 

DEPosition model (ERODEP) which draws on principles of the GUEST model as 

presented in Yu et al. (1997) and a size-specific sediment deposition algorithm 

developed by Hairsine and Rose (1992). ERODEP was coupled with the Land Use 

Change Impact Assessment model (LUCIA) version 1.0 (Marohn, 2009) building on 

its runoff and surface cover routines. LUCIA is a dynamic and spatially-explicit 

landscape model for tropical watersheds of up to a size of 30 km². LUCIA integrates 

hydrological, geophysical, soil organic matter, and vegetation growth routines in a 

single framework. LUCIA runs on a daily time step and was encoded in the 

environmental software language PCRaster (http://pcraster.geo.uu.nl/) to make use of 

its embedded hydrological routing functionality. 



Chapter 4                                              Streampower-driven erosion and sediment deposition 

94 

Consequently, the main objective of this study was to evaluate the predictive power of 

the coupled ERODEP-LUCIA model using available datasets of a small watershed in 

Northern Vietnam. In particular, we assessed (i) if ERODEP-LUCIA could be 

calibrated with a minimum input dataset of only one rainy season, (ii) if the coupled 

model would be able to predict the quantity of soil loss and sediment delivery at an 

annual and event-based resolution, (iii) whether modelling outputs could adequately 

mimic texture-specific sediment deposition patterns as observed along a spatial 

gradient in the lowland watershed part, and (iv) if the simulated spatial distribution of 

soil erosion and sediment deposition patterns can be used as decision support for soil 

conservation planning. By presenting the results of the four goals presented above, we 

discuss the lessons learned and opportunities of the coupled ERODEP-LUCIA 

approach as soil erosion risk assessment approach for study areas in Northern Vietnam 

in particular, and as decision support tool for tropical environments under transition in 

general. 

 

4.2 The ERODEP model 

The EROsion and sediment DEPosition model (ERODEP) follows the basic 

assumption that runoff-driven soil erosion, hereafter called ‘sediment entrainment’ 

(Hairsine and Rose, 1992), dominates over rainfall-induced soil detachment. This 

assumption is particularly evident in sloping environments where runoff often 

functions as main driver of soil erosion, combining sediment entrainment and 

sediment transport simultaneously (Yu and Rose, 1999). ERODEP considers cohesive 

strength as a property of the soil matrix regulating soil removal by entrainment as 

none-selective process. In contrast, sediment deposition is viewed as a site-selective 

process where the rate of sediment settling is the product of sediment concentration in 

water flow and a size-specific sediment settling velocity. 

Fig. 4.1 provides an overview of the basic principles employed in ERODEP simulated 

at an individual grid cell element (pixel). The model runs on a daily time step to 

reduce the commonly high input demands of temporally fine-scaled hydrological 

models which operate on a minute or second basis. Instead, ERODEP employs 

hydrological downscaling techniques and assumes that due to this adjusted 

functionality the simulated soil erosion and sediment deposition rates are representing 

average daily flow conditions. Over the next section we present the guiding 

algorithms which together form the newly developed simulation approach. Where 

necessary, inputs provided by the LUCIA model are described together with 

underlying model assumptions and functionality. Further information on the LUCIA 
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model version 1.0 can be found in Marohn (2009) and an updated version in Marohn 

and Cadisch (https://lucia.uni-hohenheim.de/). 

 

 
 
Figure 4.1 Conceptual flowchart of the EROsion and DEPosition model (ERODEP) 
(adapted from: Hairsine and Rose, 1992) describing its principal functionality with 
c(max) – maximum sediment transport capacity in runoff flow (kg m-3), c(en) – 
entrainable sediment potentially available for transportation by runoff flow (kg m-3), 
c(L) – concentration of transported sediments at slope length L (kg m-3), d(i,j,k) – 
deposition rate per sediment size class i, j, k (kg m2 s-1), r(i,j,k) – re-entrainment of 
previously deposited sediments per size class i, j, k (kg m2 s-1), md(i,j,k) – mass of 
deposited sediment per size class i, j, k, md(cum) – cumulative mass of deposited 
sediments (both in kg m-2), SF – surface cover (dimensionless). 

 

4.2.1 Hydrological functionality 

With the focus to develop a simplified process-based simulation approach, ERODEP 

builds on the hydrological module of LUCIA to simulate a steady-state discharge rate. 

The model initiates its sub-routines by calculating Qrate as an hourly runoff rate (mm 

h-1) based on a scaling technique of Yu et al. (1997): 
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R

Q
Q

tot

tot
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                  (4.1) 
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with Qtot the daily runoff  (mm d-1), Rtot daily rainfall  (mm d-1), and Rint rainfall 

intensity (mm h-1). Data of Rtot have to be given as input to ERODEP whereas Qtot is 

simulated by LUCIA as the remainder of daily rainfall minus interception and water 

that can infiltrate into unsaturated soil in time. When data on rainfall intensity are 

absent, as in the case of this study, an idealised exponential rainfall depth-intensity 

distribution can be assumed (van Dijk and Bruijnzeel, 2003). The distribution should 

preferably rely on local datasets holding similar features as the original case study 

area. We used a data set by Ziegler et al. (2004) with the empirical function (R² = 

0.75): 

 
8851.0

int 09871.0 totRR                             (4.2) 

 

ERODEP calculates in the next step Qdis as a time-weighed discharge rate (m3 m-1 s-1) 

(Yu and Rose, 1999): 

 

3600000

QrateL
Qdis


                   (4.3) 

 

with L slope length (m) and Qrate runoff rate (mm h-1), using the constant 3600000 to 

convert from mm hr-1 into m3 s-1, respectively. 

 

4.2.2 Sediment entrainment 

ERODEP simulates c(en) sediment entrainment (kg m-3) as the removal of soil particles 

by runoff flow (Eq. 4.4) based on an algorithm proposed by Yu et al. (1997). The first 

part of the equation calculates the emerging sediment concentration available for 

transportation at a grid cell element, as function of c(max) maximum sediment 

concentration at transport limit (kg m-3), and coefficient β (0 < β ≤ 1) to account for 

the resistance of flow entrainment by the cohesive soil matrix (Misra and Rose, 1996). 

The influence of SF as surface cover provided by vegetation and surface litter 

(dimensionless) in reducing the force of sediment entrainment (explained in more 

detail in Eq. 4.11) is accounted for in the second part of Eq. (4.4), with 5 < α < 15 

defining a common range (Rose, 1993): 

 

   
SF

en cc   expmax                 (4.4) 
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c(max) represents the theoretical maximum limit of sediment concentration (kg m-3) in 

runoff flow  according to Misra and Rose (1996): 

 

   






Dg

F
c max                  (4.5) 

 

with ρ water and σ sediment density (both in kg m-3), g the acceleration due to gravity 

(9.81 m s-2), and D the depth of runoff flow (mm). σ denotes the average wet density 

of entrained sediment (kg m-3) and is derived from an empirical function by Loch and 

Rosewell (1992): 

 

 x0326.1481460                   (4.6) 

 

with x the percentage of topsoil sand (0.02–2 mm). F in Eq. (4.5) denotes the fraction 

of stream power Ω effective in sediment entrainment, assumed to be ≈0.1 

(dimensionless) in turbulent flow (Ciesiolka et al., 1995). Ω the stream power of 

runoff flow refers to the shear stresses working on the soil matrix (kg s-3). It is 

calculated with a function of Hairsine and Rose (1992): 

 

disQSg                     (4.7) 

 

with S slope (m m-1). φ in Eq. (4.5) represents the average of all sediment settling 

velocities v, with the subscripts i, j and k denoting the sediment size classes sand 

(0.02–2 mm), silt (0.002-0.02 mm), and clay (<0.002 mm): 

 

 
3

kji vvv 
                   (4.8) 

 

In contrast to other modelling approaches (i.e. MultiClassSedimentTransport MCST 

Model, van Oost et al., 2004, using 10 sediment size classes), ERODEP uses only 

three sediment size classes to reduce data demands because these correspond to the 

fractions usually determined in soil analyses, hence facilitating model 

parameterisation. Furthermore, ERODEP relies on a function proposed by Ciesiolka et 

al. (1995) to calculate D depth of runoff flow (mm): 
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V

Q
D dis                    (4.9) 

 

with Qdis discharge rate (m3 m-1 s-1), and V the flow velocity of runoff flow (m s-1) 

calculated with Manning’s formula:  
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QdisL
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               (4.10) 

 

with S slope (m m-1), n Manning’s roughness coefficient (s m-1/3) and L the slope 

length at an individual grid cell element (m) (Misra and Rose, 1996). SF the surface 

cover by vegetation and surface litter (dimensionless) is simulated in the LUCIA 

model as a function of dynamic leaf area index LAI (dimensionless), Lit(eff) the 

effectiveness of plant litter covering the soil surface (with 0–1, where 1=full 

protection) and Lit(surf) the actual amount of surface litter (g m-2) as simulated in the 

soil organic matter module of LUCIA (Marohn, 2009). The first part of Eq. 4.11 is 

equal to Gash et al. (1995), with ψ the coefficient of leaf distribution and light 

inclination angle (in Par), usually ranging from 0.6 to 0.8 in forests, and 0.2 to 0.8 in 

agricultural crops (van Dijk and Bruijnzeel, 2001). 

 

      surfeff
LAI LitLitSF  exp1              (4.11) 

 

Surface cover can also indirectly affect the stream power of runoff by reducing its 

flow velocity (Siepel et al., 2002). ERODEP models this effect by correlating 

Manning’s n with the degree of surface contact cover SF (dimensionless) from the 

function proposed by Siepel et al. (2002): 

 

03.005.0  SFn                 (4.12) 

 

The presented empirical range of Manning’s n corresponds well with other studies 

such as Hessel et al. (2003) for crop and forestry-based land uses in China, or Fiener  

et al. (2008) as measured in crop rotation systems in Southern Germany. 
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4.2.3 Routing sediment fluxes downslope 

One of the advantages in using the PCRaster software is the provision of functions to 

simulate water flow processes. ERODEP makes use of this functionality to route c(L) 

the sediment-laden runoff flows along the local drain direction (Ldd) downslope. For 

this purpose, ERODEP builds on the PCRaster operator accucapacityflux which can 

be employed when sediment transport is limited by water velocity and thus transport 

capacity (de Roo et al., 1996). ERODEP’s modelling cascade is started once runoff is 

simulated by LUCIA at a grid cell element. ERODEP then computes the emerging 

sediment concentration c(en) (Eq. 4.4), together with c(max) the maximum limit of 

sediment transport capacity in runoff flow (Eq. 4.5): 

 

      max,, ccLddtyfluxaccucapacic enL                        (4.13) 

 

Following this functionality, sediments flowing into a grid cell are the sum of outflow 

of its upstream neighbours as calculated by c(L). This inflow is added to the computed 

c(en) of the location itself. If the sum is larger than c(max), the amount of eroded material 

transported downslope is equal to c(max). Entrainable sediment material above that limit 

remains at the grid cell and is not further considered for transportation by c(L). If the 

sum of incoming sediment material and entrainable sediment is equal or smaller than 

c(max) all available sediment material is transported downslope by the operator 

accucapacityflux. 

 

4.2.4 Sediment deposition and re-entrainment of deposits back into flow 

Whenever sediments exist within a flow, all but the finer suspended sediments tend to 

move downward under the action of gravity (Hairsine and Rose, 1992). ERODEP 

builds on this principle where d(i,j,k) denotes the rate of sediment deposition (kg m-2 s-1) 

per sediment size-class i, j, and k as: 

 

   kjiLkji vcd ,,)(,,                 (4.14) 

 

with v(i,j,k) the settling velocity (m s-1) per sediment size-class i, j, and k derived by a 

modified bottom withdrawal tube or optimization procedures in the absence of local  

datasets (Ciesiolka, et al., 1995). Instead of assuming a constant build-up of sediment 

deposits during the simulation period, ERODEP uses r(i,j,k) as the function of re-
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entrainment per sediment size class i, j and k (kg m² s-1) to move previously deposited 

sediments back into flow (Hairsine and Rose, 1992) : 

 

  ),,(),,( kjikji md
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            (4.15) 

 

with H the fractional shielding of the original soil by the deposited layer assumed to 

be 0.9 (Heilig et al., 2001) and md(i,j,k) the mass of sediment class (i,j,k) (kg m-2). This 

follows the assumption that the cohesive strength of deposited material is 

insignificant, with the force of resisting removal by runoff flow solely depending on 

the immersed weight of sediment.  

Thus, sediment transport across an area of net deposition can be understood as a 

combination of sediment settling according to particle fall velocity, and re-

entrainment of previously deposited sediments. 

Re-entrainment is assumed to be none-selective with respect to sediment size of the 

source material, in this case the deposited layer. Following this principle, ERODEP 

draws on a function by Hairsine and Rose (1992) to describe the build-up of  a net 

deposit layer md(i,j,k) (kg m-2) per sediment size class i, j, and k as: 

 

     kjikjikji rdmd ,,,,,,                           (4.16) 

 

with d(i,j,k) the rate of sediment deposition and r(i,j,k) the rate of sediment re-entrainment 

per size class i, j and k. It follows that md(cum,t) the cumulative mass over all deposited 

sediment layers (kg m-2) at time step t is calculated by: 

 

         kjitcumtcum mdmdmdmdmd  1,,            (4.17) 

 

with md(cum,t-1) sum of deposits with the term (t-1) denoting the preceding event, and 

md(i,j,k) (kg m-2) mass per sediment size class i, j and k. This follows ERODEP’s 

assumption that due to the employed hydrological downscaling algorithms of Eq. 4.1 

and 4.3, simulated deposition and re-entrainment rates are representing average daily 

flow conditions and do not require an up-scaling step to arrive at the daily time 

resolution again. 
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4.2.5 Net sediment balance at individual grid cell element 

One of the main objectives of developing the ERODEP approach was the 

identification of soil erosion and sediment deposition hotspots in a spatially-explicit 

environment. Hence, Eq. 4.18 was introduced to calculate N(t) as the net sediment 

balance at time step t (Mg ha-1) and individual grid cell element: 
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mdN              (4.18) 

 

with md(cum,t) the cumulative net deposits at time step t (kg m-2, Eq. 4.17), c(L) the 

amount of entrained and transported sediments downslope (kg m-2; Eq. 4.13), Qtot the 

amount of daily runoff (mm d-1), the constant 1000 to convert from (g m-2) to (kg m-2), 

and 10 to convert from (kg m-2) to (Mg ha-1), respectively.  

Equation 4.18 follows the assumption that the computed quantities of c(L) and md(cum,t) 

have reached steady-state conditions, and do not further change during the simulation 

step of one day. According to Rose et al. (2007), changes in sediment concentration 

and settling velocity characteristics often occur rapidly in time, quickly rounding off 

to become approximately constant as a sediment solution approaches steady-state. 

Hence, N(cum,t) denotes the cumulative net sediment balance (Mg ha-1) at time step t: 

 





n

t
ttcum NN
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)(),(                (4.19) 

 

4.2.6 Simulated outputs 

ERODEP can generate output maps on a daily, monthly and annual basis, i.e. 

sediment entrainment, cumulative and size-class specific sediment deposition, and 

cumulative net balance. The model allows a user to define monitoring locations where 

simulated outputs can be compared with measured field data, i.e. discharge stations. 

Other related outputs such as runoff flow or surface contact cover are derived from the 

LUCIA model on a daily basis. 
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4.3 Materials and methods 

4.3.1 Study site 

Model simulations were carried out in a small watershed (3.73 ha), located at east 

longitude 105° 11’ 92’’ and north latitude 20° 92’ 82’’ in Ban Tat, Hoa Binh province, 

Northern Vietnam. The watershed is subdivided into a sloping upland (29–36 degrees) 

and a relatively flat lowland part (<7 degrees), representing a typical hillslope 

environment commonly found in many areas of Northern Vietnam. The study site 

further referred to as ‘Ban Tat watershed’ was chosen based on available field datasets 

collected by Dung et al. (2008, 2009) from December 1999 to October 2003, with a 

summary of results given in Table 4.1. Land use in the upland part comprised 

swiddening farming systems (0.76 ha) as a mixture of upland rice, cassava and early 

fallow stages, and various types of secondary forests (2.76 ha). Paddy rice (0.21 ha) 

was grown in terraced fields located in the lowland watershed part (Fig. 4.2a). Based 

on a catena analysis (ridge, upper, middle, lower and base slope) (Fig. 4.2b), Dung et 

al. (2008) found Ferralic Acrisols for the upland areas and Gleyic Acrisols in the 

paddy fields. 

 

 

Figure 4.2 (a) Overview of Ban Tat watershed with location of upland and lowland 
measurement sites, weather station during the study period of 2000–2003, (b) digital 
elevation model with locations of soil profiles (1-6) conducted in 1999. 
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4.3.2 Available field data 

4.3.2.1 Runoff flux and sediment deposition measurements 

Runoff and sediment fluxes were measured at different watershed locations. Nine 

bounded runoff plots (20 m long, 5m wide) were established in the upland part, with 

six plots placed in swiddening fields (no. 1–6) and three in secondary forest sites (no. 

7–9) (Fig. 4.2a). After each rainfall event, eroded soil particles and runoff water were 

collected and diverted into a two-part tank system by using a concrete trough at the 

lower end of each plot. One tank was used to collect soil particles, while a second tank 

was used for runoff water. Collected sediments were dried and weighed to determine 

soil loss per plot and rainfall event. 

Sediment fluxes originating from the upland area were assessed in streamflow after 

passing a 2-mm steel mesh at the transition of upland to lowland watershed part (Fig. 

4.2a). On rainy days, sediment fluxes were collected in a steel tank and sediment 

concentration was determined as above on a daily basis. On dry days, water samples 

were taken directly from streamflow, and sediment concentration was assessed 

accordingly. The amount of runoff water flowing from upland to paddy area was 

estimated as the total sum of water losses measured by evapotranspiration, percolation 

and discharge. Evapotranspiration and percolation were determined with six 

lysimeters installed in the paddy fields, whereas a weir system was used at the outer 

paddy bunds to measure discharge flows using automatic flow level sensors. Sediment 

deposition was monitored each year at the end of the rainy season usually occurring in 

October in an area of approximately 1000 m² demarcated in the lowland paddy fields 

(Fig. 4.2a). Site selection followed the assumption that suspended sediments in 

streamflow would be preferentially deposited here, given by a reduction of flow 

velocity as a result of decreasing slope inclination. Texture-specific deposition 

patterns were determined along a spatial gradient by randomly selecting ten topsoil 

samples (0–0.2 m) at distances of 0–10, 11–20 and 21–30 m (n= 30) beginning at the 

position where streamflow discharge entered the selected paddy site. Samples were 

dried and particle size distribution was determined with hydrometers, subdivided into 

sand, silt and clay fractions (for further details see: Dung et al., 2008; 2009). 

 

4.3.2.2 Cropping patterns and climate monitoring 

Upland fields were managed by local farmers with traditional swiddening methods 

using upland rice (Oriza sativa) and cassava (Manihot esculenta) as primary crops 

(Table 4.1). In 2001, farmers started to intercrop the tree species Melia azedarach and 

Styrax tonkinensis (starting in 2003) scattered throughout the swidden fields. Once a 
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field was left fallow, a mixture of grass and bush vegetation emerged in the first three 

years of abandonment, thereafter followed by successional secondary forest stages as 

a mixture of Bambus spp., Melia azedarach and Styrax tonkinensis. In the lowland 

part, paddy rice was cultivated twice a year from February to October. An automatic 

weather station was located adjunct to the lowland paddy fields (Fig. 4.2a) to monitor 

rainfall, mean temperature, relative humidity and radiation on a daily basis. 

 

4.3.3 Model application 

The predictive performance of ERODEP was evaluated on an annual- and event-based 

resolution. Related field data were split into a calibration set comprising the period of 

June to October 2000, and a validation set drawing on the period of May 2001 to 

October 2003. A calibration period of only one rainy season was chosen following the 

premises to evaluate ERODEP’s capability under data-limiting situations commonly 

found in Northern Vietnam. Additionally, hydrological and vegetation growth routines 

of LUCIA were pre-calibrated and fitted for the entire study period of four years. It 

was accepted that this effectively precludes an independent validation of the 

simulation performance of LUCIA, however this procedure was chosen given the 

premises to focus on the output performance of the newly developed ERODEP 

approach. 

Simulated sediment entrainment was validated by comparing model results with the 

average of measured soil loss rates of the runoff plots (upland swidden: n=6; upland 

forests: n=3). A one pixel model area, further referred to as ‘pixel model’, was created 

to mimic the environmental conditions of the runoff plots as described in section 

4.3.1. The capability of ERODEP to route sediments along the drain direction network 

of Ban Tat watershed was evaluated by comparing simulated with measured sediment 

delivery rates at the upland discharge station (Fig. 4.2a). This was done for those days 

where runoff was also measured in the upland plot devices because LUCIA assumes 

that all runoff water reaches the watershed outlet within the model time step of one 

day. Variations in flow travel distances and residence times are not considered by 

LUCIA (Marohn, 2009). Simulated cumulative and size-class specific (sand, silt, clay) 

sediment deposition patterns were compared with their measured counterparts in the 

demarcated lowland monitoring site at the end of the rainy season in October 2000. 

Validation was done by comparing the predicted size-class specific deposition patterns 

with the measured texture-class related topsoil fractions at distances of 0–10, 11–20 

and 21–30 m starting from the upland inlet towards the centre of the monitoring site. 

Cumulative deposition was assessed by comparing the sum of simulated sediment 
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size-class specific deposition patterns with the texture class-specific fractions as 

determined for the entire lowland monitoring site of 1000 m². 

 

4.3.3.1 Statistical measures 

R² was used as a measure to a linear 1:1 relationship of observed to predicted results. 

Modelling efficiency (EF) and root mean square error (RMSE) were applied as 

indicators to evaluate modelling performances. An EF value of one means a perfect 

one-to-one correspondence between predicted and observed values, and EF<0 

indicates that the observed mean is a better estimate than the predicted results (Loague 

and Green, 1985). Based on a study of Moriasi et al. (2007), EF>0.75 can be regarded 

as good model fit, and 0.36<EF<0.75 as acceptable. Following a study of Pansak et al. 

(2010), an EF threshold of >0.6 was used as minimum performance criterion during 

the LUCIA pre-calibration and ERODEP calibration procedures. RMSE describes the 

magnitude of the error in simulated values in the units of the original variable. The 

smaller the RMSE, the closer simulated values are to the observed ones, with zero 

indicating a perfect model fit (Bhuyan et al., 2002; Hussein et al., 2007). 

 

Modelling efficiency (EF):         
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with n the number of samples, Ō mean of the observed data, Pi predicted and Oi 

observed values. 

 

4.3.3.2 Common inputs 

The coupled ERODEP-LUCIA framework builds on different spatial and climate 

information as common inputs. In case of Ban Tat, annual land use maps and a digital 

elevation model (DEM) were available as geo-referenced datasets in ArcGIS format 

(Fig. 4.2a). Land use types comprised paddy rice, several swiddening systems as a 

mixture of upland rice, cassava, and early fallow stages and eight secondary forestry 

classes (Dung et al., 2009). Based on this dataset, three land use classes were 
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abstracted, namely paddy rice, upland swiddening and upland forest with the aim to 

reduce data demands.  

A soil map was generated using the information of the catena analysis, further divided 

into a 0.2 m top- and 0.8 m subsoil layer. Derived input maps were transferred to 

PCRaster using a pixel size of 1 m². The fine resolution was chosen for a detailed 

spatially-explicit assessment of ERODEP’s potential as decision support tool for soil 

conservation planning. Climate information measured with the installed weather 

station (temperature, radiation, rainfall, evapotranspiration) was given as common 

daily inputs to the coupled approach. 

 

4.3.3.3 Pre-calibration procedure LUCIA 

The vegetation growth routines of LUCIA for upland swiddening, upland forestry, and 

paddy rice were already validated under the conditions of Ban Tat in 2000-2003 by 

Ayanu et al. (2011). Hence, related crop-specific coefficients such as initial tree 

biomass or maximum leaf area index were retrieved from Ayanu et al. (2011) and 

directly exported as inputs to the LUCIA model employed in this study. Following 

this step, annual runoff and streamflow simulations were fitted to their plot- and 

watershed-scale observations for the entire study period of four years. The variable 

I_Infiltration, denoting the maximum topsoil infiltration capacity (mm d-1) in LUCIA 

(Marohn, 2009) was used as adjustment parameter in this regard. Fitting procedure 

was initiated with upland swidden and upland forest related I_Infiltration base values 

derived from a study of Ziegler et al. (2004). Drawing on the pixel models, pre-

calibration was first carried out to obtain a good fit between measured and simulated 

annual runoff patterns at plot-scale. Output performance was evaluated using (EF) the 

modelling efficiency coefficient as statistical measure. 

Pre-calibration was executed by iteratively adjusting the I_Infiltration parameters until 

a minimum output performance of EF >0.6 was reached. After receiving the 

respective calibration value for each land use type, LUCIA was applied for the entire 

watershed area. At this spatial scale, simulated streamflow patterns were compared 

with the observations at the upland discharge station (Fig. 4.2a). It can be expected 

that the results for the entire watershed will be different from the ones of the pixel 

model as watershed-level interactions come into play (Hessel and Tenge, 2008). 

Hence, LUCIA output performance was validated again for the entire simulation 

period using EF>0.6 as minimum performance criterion. If necessary, I_Infiltration 

values of upland forestry and upland swiddening systems were adjusted until LUCIA 

streamflow predictions passed the EF>0.6 performance criterion again. 
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4.3.3.4 Calibrating ERODEP 

Based on ERODEP’s model theory, the following parameters required a calibration: 

 α (Eq. 4.4): set to 5 following the assumption of Pansak et al. (2010) that 

sediment entrainment starts to decrease above a 20% surface cover threshold. 

 β (Eq. 4.4): to capture the heterogeneity of upland swiddening systems (crop 

vs. fallow), pixel model simulations were computed for five randomly selected 

runoff events in 2000 and 2001 (n=10), with modelled soil loss rates compared 

to their measured counterparts. Simulations were executed from a base value 

derived from Yu and Rose (1999), with β input values iteratively adjusted until 

predicted and simulated events passed the predefined threshold of EF>0.6. 

Based on this procedure, final β calibration sets were: 0.74 for crop-based 

swidden plots, 0.09 for fallow- and upland forestry plots, and 0.01 for paddy 

rice based on the assumption that paddy fields are representing net deposition 

areas. 

 φ (Eq. 4.5): an iterative optimization procedure was employed to fit measured 

and simulated annual sediment delivery rate in 2000 at the upland discharge 

location. Optimization was executed by starting the calibration of φ from the 

mean of derived literature values (Table 4.2). Optimization runs were 

continued until simulated and observed sediment delivery rates passed an 

EF>0.6. 

 ψ (Eq. 4.11): set to 0.6 for upland forests which represented the lower range 

suggested in literature (van Dijk and Bruijnzeel, 2003) given by the mixture of 

different successional and young secondary forest stages. A ψ value of 0.3 was 

calibrated for upland swiddening systems and paddy rice following suggestions 

of van Dijk and Bruijnzeel (2001). 

 v(i,j,k) (Eq. 4.14, 4.16): optimization was employed starting from the mean of 

derived literature values (Table 4.2) comparing simulated cumulative and 

sediment-size specific deposition patterns (sand, silt, clay) with their measured 

counterparts in the lowland monitoring site in October 2000. Optimization was 

completed after computed RMSE of simulated and observed deposition 

patterns were lower than 0.1 Mg ha-1 for cumulative and less than 5% for the 

size-class (sand, silt, clay) specific deposition patterns. 

A summary of input values and simulated ranges during the calibration period is 

presented in Table 4.3a for the LUCIA model, and in Table 4.3b for the ERODEP 

approach. Following ERODEP calibration, the coupled modelling framework was 
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then executed for the validation period of May 2001 to October 2003 keeping all 

calibration parameters constant as described above. 

 

Table 4.2 Range of settling velocity v for sediment size-classes sand (i), silt (j) and 
clay (k) and total sediment depositability φ (all in m s-1) to optimize calibration values 
for ERODEP deposition algorithm. 

aAverage of Beuselinck et al., (1999), Misra and Rose, (1996), Yu et al., (1999) 
 

Table 4.3a Description of LUCIA model parameters, input value or simulated range 
during calibration period. 
Parameter  Description Input 

value/range  
Unit 

LAI  Dynamic leaf area index 0.001–7.5 dimensionless 
Lit(eff) Effectiveness of plant litter to cover 

the soil surface 
0.1 dimensionless 

Lit(surf) Actual amount of surface litter  0.001–6.84 g m-2 
Qtot Daily runoff 0.1–129  mm d-1 
SF Dynamic surface cover factor   0.03–0.85  dimensionless 
ψ Coefficient of leaf distribution and 

light inclination angle  
0.3–0.6 Par 

 

4.3.4 Sensitivity analysis 

A sensitivity analysis was conducted following a procedure of van Dijk and Bruijnzeel 

(2004). ERODEP parameters α, β, φ, ψ, F and LUCIA coefficient Lit(eff) were 

increased and decreased independently by -50 to +50% to assess their influence on 

simulated output magnitude of soil loss, sediment delivery and cumulative sediment 

deposition building on the calibrated ERODEP-LUCIA setup in 2000. Parameter F, β, 

φ and α were chosen based on studies by Misra and Rose (1996) and Rose (1993) at 

plot-level however, it can be expected that parameter sensitivity at watershed-scale 

will differ as other spatial interactions come into play. Parameter Lit(eff) denoting the 

efficiency of litter in covering the soil surface was further incorporated into the 

analysis to evaluate the applicability of the coupled ERODEP-LUCIA approach as 

assessment tool for soil conservation treatments, such as mulching. 

Parameter Base valuea  Optimized  Unit 
vi 0.012 0.0046 m s-1 
vj  0.065 0.0098 m s-1 
vk 0.101 0.0255 m s-1 
φ 0.053 0.0133 m s-1 
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4.4 Results 

4.4.1 Modelling runoff and streamflow patterns with LUCIA 

Fig. 4.3 and Table 4 present the simulated runoff and streamflow patterns as a result 

of the pre-calibration procedure on an annual- and event-based resolution. Annual 

runoff patterns could be fitted well to field observations as demonstrated by an EF 

coefficient of 0.79 for upland swidden and 0.91 for upland forest plots (Fig. 4.3A–B). 

 

 

Figure 4.3 Results of the hydrological pre-calibration procedure executed in the 
LUCIA model, with (Oi) denoting observed and (Pi) predicted annual patterns: (a) 
referring to runoff (mm a-1) in upland swidden plots and bars as standard error of 
mean (n=6), (b) runoff (mm a-1) in upland forests and bars as standard error of mean 
(n=3), (c) streamflow patterns (m³ a-1) at upland discharge station, (d) fitted maximum 
infiltration rates (mm d-1) for upland swidden (SW) and upland forests (FO) at plot 
(PLOT) and watershed-scale (WAT). 

 

Annual streamflow was simulated in close agreement to measured field data as 

depicted by an EF of 0.91 (Fig. 4.3C). As general pattern, infiltration rates needed to 

be continuously increased over the entire precalibration period, with the watershed-

scale rates being in most cases higher (2–16%) then the plot-based ones (Fig. 4.3D). 

Building on the same infiltration rates, pixel model simulations could mimic the 

event-based dynamics of upland swidden plots in good to acceptable ranges as shown 
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by the computed EF (0.59–0.86) or R2 (0.62–0.89) ranges (Table 4.4). Plot-based 

simulations could also capture the upland forest dynamics in 2000 and 2001 

adequately (EF: 0.73 and 0.56), but dropped thereafter (EF: 0.42 and 0.38). RMSE 

coefficients did not follow the observed trend being in a range of 5.4 to 7.86 mm d-1 

during the entire simulation period. Event-based streamflow patterns were simulated 

by LUCIA well in 2000 and 2001 (EF: 0.84 and 0.62), and at still acceptable levels in 

2002 (EF: 0.42) and 2003 (EF: 0.37). RMSE (225.23–350.06 m³ d-1) and R² (0.90–

0.51) computations, illustrated an overall declining modelling performance trend 

during the simulation period of four years. 

 

Table 4.4 Performance statistics for the hydrological pre-calibration procedure 
comparing measured and predicted event-based runoff and streamflow rates during 
field observation period from in 06/2000–10/2003 in Ban Tat watershed. 

Model performance  R² EFa RMSEb 
 1c 1c 0c 
Runoff     
    Swidden 
          2000 
          2001 
          2002 
          2003 

 
0.78 
0.79 
0.62 
0.89 

 
0.69 
0.68 
0.59 
0.86 

 
10.66d 
8.56 
9.42 
5.40 

    Forest  
          2000 
          2001 
          2002 
          2003 

 
0.77 
0.57 
0.77 
0.41 

 
0.73 
0.56 
0.42 
0.38 

 
7.86d 
6.04 
5.40 
6.66 

    Streamflow 
           2000 

 
0.90 

 
0.84 

 
225.23e 

           2001 0.92 0.62 260.80 
           2002 0.85 0.42 290.57 
           2003 0.51 0.37 350.06 

a Modelling efficiency; b root mean square error (in unit of original data); c value 
indicates perfect fit between observed and predicted data; d in mm d-1; e in m³ d-1 

 

4.4.2 Evaluating ERODEP modelling performance 

4.4.2.1 Annual resolution 

Fig. 4.4 compares the simulated and measured plot-scaled soil loss patterns, sediment 

delivery and cumulative sediment deposition, divided into calibration (June–October 

2000) and validation (April 2001–October 2003) period. Results of the simulated and 

measured size-class specific sediment deposition patterns in 2001–2003 are presented 
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in Fig. 4.5 and Fig. 4.6. Following the executed optimization procedures, calibration 

results were in close agreement to measured field data. Pixel model simulations under-

predicted soil loss rates by 0.62 Mg or less than 5% in case of upland swidden, and by 

0.07 Mg ha-1 or less than 3% for the upland forestry plots (Fig 4.4A–B). Annual 

sediment delivery was simulated well by ERODEP as shown by a difference of 0.37 

Mg ha-1 or less than 4% compared to the field measurements at the upland discharge 

station (Fig. 4.4D).  

 

 

Figure 4.4 Results of ERODEP simulation performances comparing annual field 
observations (Oi) with model simulations (Pi), divided into calibration (2000) and 
validation period (2001-2003), with (a) referring to soil erosion (Mg ha-1 a-1) in upland 
swidden plots and bars as standard error of mean (n=6), (b) soil erosion (Mg ha-1 a-1) 
in upland forests and bars as standard error of mean (n=3), (c) sediment delivery rates 
at upland discharge station (Mg ha-1 a-1), and (d) cumulative sediment deposition in 
lowland monitoring site (Mg ha-1 a-1) (Note: EF and RMSE values refer to validation 
period only). 
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The overall best calibration performance was computed for cumulative sediment 

deposition mismatching the observed patterns by less than 1% or 0.01 Mg ha-1 (Fig. 

4.4D). Results of the validation period revealed ERODEP’s capability to model the 

interplay of soil erosion and sediment deposition at different spatial scales in Ban Tat 

watershed (Fig. 4.4). Visual comparison demonstrated that simulation results could 

mimic the variations in annual rainfall regimes and land use patterns in good 

agreement to field observations during the validation period. For example, ERODEP 

predicted soil loss rates in upland swidden plots (Fig. 4.4A) and watershed-scaled 

sediment delivery rates with a very high agreement compared to field observations 

(EF: 0.99 and 0.95) (Fig. 4.4C).  

 

 

Figure 4.5 Comparison of predicted and observed sediment size-class (sand, silt, clay; 
n=27) specific deposition patterns (%) retained in topsoil layer (0–20cm) after the end 
of the annual rainy season during the validation period 2001–2003; (EF) modelling 
efficiency, (RMSE) root means square error (dashed line refers to the one-to-one line). 
 

A still acceptable agreement between simulated and measured field data was also 

found for cumulative sediment deposition (EF: 0.66) (Fig. 4.4C) and plot-scaled soil 

loss rates in upland forests (EF: 0.59) (Fig. 4.4B), confirming the overall satisfying 

simulation trends at the annual resolution. RMSE values were low in comparison to 

measured and simulated quantity, with the exception of an RMSE of 2.82 Mg ha-1 for 
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cumulative sediment deposition. When focusing on the long-term simulation trends, 

ERODEP could predict size-class specific deposition patterns along the spatial 

gradient of 10–30m in October 2003 fairly well. Topsoil clay and sand fractions were 

found in good agreement to measured field data, while silt fractions were slightly 

under-predicted by on average 5 to 8% (Fig. 4.6). 

 

 

Figure 4.6 Comparison of predicted (Pi) and (Oi) observed sediment size-class (sand, 
silt, clay) specific deposition patterns (%) retained in topsoil layer (0-20cm) in 
lowland monitoring site in October 2003; bars are standard errors of mean (n=10). 
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4.4.2.2 Event-based soil loss and sediment delivery rates 

The summary of modelling outcomes for upland soil loss and sediment delivery rates 

on an event-based resolution during calibration and validation are summarized in 

Table 4.5. Cumulative soil loss patterns simulated with the pixel models are compared 

with their field patterns in Fig. 4.7. Comparisons of simulated and measured event-

based sediment delivery rates are shown in Fig. 4.8. The employed calibration 

procedures were able to derive modelling fits in acceptable to good ranges, as 

demonstrated by an EF of 0.60 in case of upland swidden, 0.79 for upland forests, and 

0.93 for the sediment delivery rates (Table 4.5). Simulation results were in good 

agreement to measured field data in 2001 (EF: 0.68; R²: 0.69) however, failed to 

produce sufficient results thereafter. 

 

Table 4.5 Summary of model performance statistics by comparing pixel model 
simulations with plot measurements, and simulated versus measured sediment 
delivery rates at the upland discharge station referring to calibration (06–10/2000) and 
validation period (04/2001–10 /2003). 

Model performance R² EFa RMSEb 
 1c 1c 0c 
Soil loss    
    Swidden    
           2000 0.78 0.60 0.31d 
           2001 0.83 0.73 0.28 
           2002 0.65 0.50 0.18 
           2003 0.50 0.47 0.08 
    Forest    
           2000 0.81 0.79 0.06d 
           2001 0.69 0.68 0.05 
           2002 0.21 -0.61 0.05 
           2003 0.10 -4.12 0.06 
    Sediment delivery    
           2000 0.94 0.93 0.05e 
           2001 0.74 0.69 0.04 
           2002 0.55 0.44 0.05 
           2003 0.52 -0.63 0.07 

a Modelling efficiency; b root mean square error (in unit of original data); c value 
indicates perfect fit between observed and predicted values; d in Mg ha-1 d-1;e in Mg d-1 

 

Validation demonstrated that ERODEP was able to simulate the measured soil loss 

rates for the upland swidden system plots in acceptable to good ranges (EF: 0.47–

0.73), with the cumulative soil loss patterns in close agreement to the 1:1 line in all 
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validation years (Fig. 4.7). ERODEP could mimic event-based soil loss rates of the 

upland forests plots in close to measured field data in 2001 (EF: 0.68; R²: 0.69), but 

failed to produce sufficient results thereafter (Table 4.5). The disparity between 

modelled and simulated data was especially visible by an almost twofold over-

prediction of cumulative soil loss rates in 2003 (Fig. 4.7) which resulted in the lowest 

event-based validation performance overall (EF: -4.12; R²: 0.10). Nevertheless, model 

simulations could not capture the field dynamics in 2003 adequately as illustrated by 

the computed R² of 0.52 and EF of -0.63. 

 

 

Figure 4.7 Comparison of predicted and observed cumulative soil loss (SL) rates (Mg 
ha-1) in upland swidden and upland forest sites during the validation period in 2001 to 
2003 (dashed line refers to the one-to-one line). 
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Figure 4.8 Comparison of event-based simulated and measured sediment delivery rate 
events (Mg d-1) during the validation period of 2001 to 2003; (EF) modelling 
efficiency, (RMSE) root mean square error (solid line represents the regression curve 
and the dashed line is the one-to-one line). 
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4.4.2.3 Spatially-explicit soil erosion and sediment deposition hotspots 

One of the main goals of this study was to test whether ERODEP can realistically 

simulate spatial-explicit soil erosion and sediment deposition patterns within Ban Tat 

watershed. Fig. 4.9 presents the simulated spatial outputs as cumulative net sediment 

balance at the end of rainy season in October 2003. Simulations illustrated three 

spatially prevailing patterns at watershed-scale: 

 

 

Figure 4.9 Simulated total cumulative sediment net balance (Mg ha-1) for Ban Tat 
watershed for the validation period of 2001 to 2003, numbers refer to different hotspot 
areas: (1) outflow of sediments at paddy bunds, (2) sediment deposition in paddy area, 
(3) deposition at foot slope, (4) transition of erosion and depositional areas, (5) net 
deposition in watershed creek, (6) soil loss in swiddening field, (7) net deposition in 
streambed. 
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(i) transition areas where neither soil erosion nor sediment deposition were 

spatially dominant (i.e. no. 3),  

(ii) net soil loss areas concentrated in the upland swiddening fields, with a 

maximum soil loss rate of 53 Mg ha-1, simulated under a two-year upland 

rice and two-year cassava cropping cycle (no. 6), 

(iii) net depositional areas were predominantly prospected in plains or areas of 

decreasing slopes such as foothills (no. 4), streambeds (no. 7) or a small 

creek (no. 5), with an accumulation of up to 28 Mg ha-1 in case of lowland 

paddy fields (no. 2). The overall highest deposition rates of 42–58 Mg ha-1 

were simulated at the borders of the outer paddy fields (no. 1), essentially 

describing the sediment loads transported out of the watershed during 

simulation. 

 

4.4.2.4 Sensitivity of coupled ERODEP-LUCIA parameters 

The most sensitive parameters were φ total sediment depositability, F the fraction of 

stream power Ω effective in sediment entrainment, and Lit(eff) the efficiency of surface 

litter in covering the soil surface (Table 4.6). A change in parameter value influenced 

output simulation at plot- and watershed-scale simultaneously, independently if the 

original base value was decreased or increased by 50%. For example in case of φ, soil 

loss rates at plot-scale changed in a range of 6–50% if parameter setting was 

decreased by 50%, subsequently increasing sediment delivery by 49% and cumulative 

sediment deposition by 56% respectively. Parameter F was especially sensitive for 

simulated soil loss rates in upland swidden and forests plots, resulting in an output 

change by -50 to -6% if the base value was decreased, further reducing sediment 

delivery rates by 49% and sediment deposition by 48%. 

The sensitivity of Lit(eff) was less prominent compared to parameters F and φ, but still 

influenced the magnitude of considered output parameters by at least 10%, 

independently if the base value was decreased or increased. Parameter α the 

coefficient of surface cover fraction was quite influential on upland forest soil loss 

rates (+66 or -68%), but less sensitive at watershed-scale, changing sediment delivery 

rates by -14 to 4% or cumulative deposition by -17 to 4% only. An interesting output 

behaviour was also found for β, where a simulated parameter increase by 50% 

changed sediment entrainment and cumulative deposition patterns by a maximum of 

2%. 
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Table 4.6 Sensitivity analysis of interrelated ERODEP and LUCIA parameters using 
the calibration setup of 2000. Listed is the percentage change in annual soil loss as 
simulated at plot-scale, sediment delivery at upland discharge station, and cumulative 
sediment deposition in lowland monitoring site after a 50 % decrease or increase in 
tested parameter value. 
Parameter  Base 

value  
(%)  change in annual:  

  Soil lossa Sediment 
deliveryb 

Cumulative 
depositionc  

  -50  +50  -50 +50 -50 +50 
  SW FO SW FO     
α 5 -1 +66 -6 -68 +4 -14 +4 -17 
βswidden 0.74  -34 nad +26   na -24 +2  -29 +1  
βforest 0.09  na -13 na +33 -28 +1  -32 +1  
φ 0.0133 +50 +6 -33 -4 +49 -32 +56 -67 
ψswidden 0.3 +4 na -2 na +3 -8 +3 -13 
ψforest 0.6 0 +62 na -52 +20 -1 +25 -17 
F  0.1 -50 -6 +32 +4 -49 +33 -48 +32 
Lit(eff)

e 0.1 +21 +11 -13 -10 +28 -22 +24 -19 
a Average of pixel model simulations or measured runoff plots, with (n=6) for upland 
swidden (SW) and (n=3) for upland forest (FO); b at upland discharge station; c in the 
lowland monitoring site; d not applicable; e simulations were executed for the period of 
06/2000 to 12/2003 to assess the long-term impact of parameter change. 

 

4.5 Discussion 

4.5.1 Fitted hydrological field dynamics 

Land use transformations as driven by the gradual exchange of crop- to tree-fallow 

land use systems in Ban Tat watershed are often altering geo-physical properties. For 

example, infiltration rates at patch-scale often improve due to an increased 

microbiological activity or the expansion of root networks (Janeau et al., 2003; 

Podwojewski et al., 2008). This pattern could be only partly captured by the annual 

variations in infiltration rates, as calibration was done for entire land use classes 

without acknowledging the non-linear, spatial heterogeneity usually found in nature 

(Ziegler et al., 2004; Zimmermann et al., 2006). A further reason of the simulated 

variations in hydrological output performance could be also the result of calibrating 

upland forests as a single land use class instead of relying on the originally existing 

eight forestry types. Given the aim to employ ERODEP-LUCIA under an imposed 

data-limiting situation, it was accepted that this rather pragmatic calibration approach 

could limit simulated output performances to a certain extent. Still, all computed EF 
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coefficients of the pre-calibration procedure were >0.36 which denotes the minimum 

acceptance level for such a model test (Moriasi et al., 2007). Moreover, hydrological 

models do not necessarily need to reach a perfect model fit, but should be rather able 

to capture general trends within a given validation criteria (Clark et al., 2009). This is 

even more important as the response time of small-scaled watersheds such as Ban Tat 

is mostly less than a day leaving some simulation challenges ahead in capturing the 

discharge patterns sufficiently when running on a daily basis (Beskow et al., 2011; 

Zimmermann et al., 2006). Here lies a particular strength of the employed LUCIA 

model, as it was able to mimic hydrological patterns well at annual-scales and 

depending on land use system also at a finer event-based resolution following the 

imposed environmental conditions of Ban Tat watershed. 

 

4.5.2 Simulating the interplay of sediment processes at plot- and 

watershed-scale 

Evaluating a model such as ERODEP has to be done from different viewpoints to 

understand the strength and weaknesses of the embedded algorithm structure. 

Simulated output responses at annual resolutions revealed that the newly developed 

approach could mimic the variations in annual rainfall regimes and land use patterns 

adequately during validation. Results were consistent with the expectations that 

predicted soil erosion decreases with an increase in seasonal surface coverage (Blanco 

and Lal, 2008; Rose, 1993), as for example given by the gradual exchange of crop- to 

tree-based swidden systems in Ban Tat watershed. When considering the high 

variation in observed annual soil loss rates in 2001, the modelling structure was still 

capable to simulate the overall trend of declining soil loss and sediment delivery rates 

fairly well. This is also important as it directly links to sediment deposition which is 

usually the result of the dynamic interplay of soil erosion and sediment transportation 

processes at watershed-scale. In this view, ERODEP could simulate annual deposition 

trends sufficiently well, although cumulative deposition patterns in 2001 and 2002 

were slightly under-predicted, but overall following the general observation trend. 

One reason of this phenomenon could be related to potentially high simulated re-

entrainment rates, which would have reduced the amount of deposits in the considered 

lowland monitoring site. However, further model tests rejected this assumption (data 

not shown), and rather suggested that the under-predicted deposition patterns are the 

result of the mismatch in simulating sediment fraction class silt as also shown in Fig. 

4.5 and 4.6. Given the data-limiting situation of Ban Tat watershed, the chosen 

optimization approach yielded meaningful results and was a pragmatic attempt to 
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build on the existing field data-sets. Moreover, field and lab measurement techniques 

to determine topsoil texture fractions are well established procedures, allowing the use 

of ERODEP in other study sites without the need of more sophisticated sediment 

monitoring techniques. 

Compared to the overall satisfying output performances, some limitations were still 

encountered to adequately predict the magnitude of soil loss rates in upland forest 

sites in 2002 and 2003. Following the sufficiently well simulated runoff patterns by 

LUCIA however, other geo-physical processes than the ones discussed above may 

have played a role in this case. Podwojewski et al. (2008) described the reduction of 

soil loss rates under fallow and forestry stands as a result of decreased soil detachment 

rates and increasing surface litter layers. In modelling terms this would imply that the 

coefficient β, being responsible in scaling plot-scale soil erodibility, has to be 

converted into a dynamic input variable. Yu et al. (1999) presented a similar 

procedure for the GUEST model, although the developed dynamic equation was 

derived from a series of empirical studies, which again would imply an increase in 

input data demands. Although it is apparently relevant to capture soil erosion 

processes at plot-scale, sediment transportation patterns at watershed-scale are in most 

cases transport-limited with an abundance of entrainable sediments available (Jetten et 

al., 1999).  

Thus, other factors such as topography or surface roughness must be more relevant at 

this spatial scale. An increase in surface roughness as provided by surface litter will 

have a direct effect on flow velocity and the magnitude of stream power to entrain and 

transport eroded particles downslope. Such a relationship was for example 

demonstrated by the sensitivity analysis results when changing the parameter Lit(eff). 

This is especially relevant at watershed-scale, as locality and magnitude of sediment 

source and sink areas and their interconnectivity by channels and streams are more 

important than factors mainly dominant at plot-scale (Chaplot and Poesen, 2012; 

Fryirs et al., 2007; Verbist et al., 2009). These spatial intra-watershed relationships 

were also prominent in case of this study as revealed by ERODEP through the 

simulated evolution of sediment source and sink areas. Upland swiddening sites were 

in relative close distance to the upland discharge location, contributing most likely 

higher sediment loads into the paddy fields and associated streamflow areas than the 

upper watershed part. This in turn defines the upper watershed as a rather small 

sediment source contributor as a result of the dense surface coverage provided by 

secondary forests. 
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4.5.3 Spatial patterns at watershed-scale 

Predicted sediment discharge patterns at the outer paddy fields were higher compared 

to measurements of Dung et al. (2009) who estimated an average net sediment loss of 

35 Mg ha-1 for the period of 2000 to 2003. The movement of sediments in runoff-

driven flows from the point of erosion to a stream occurs often in a series of 

deposition zones (Beuselinck et al., 2002). This phenomenon was partly observable 

within the upper watershed (Fig. 4.9, no.7), and also in hotspots areas occurring at 

footslopes (Fig. 4.9, no. 4). These transition areas were probably the result of changes 

in surface cover leading to a lower runoff speed with a related higher probability of 

sediment deposition. In this regard, sediment connectivity within Ban Tat watershed 

was predominately influenced by first-order changes (rainfall, vegetation cover, runoff 

amount, and flow velocity) in conjunction with the annual land use patterns (Fryirs et 

al., 2007). This was illustrated by the simulated sediment balances being positive in 

net deposition areas such as paddy fields and negative for upland swiddening sites 

with shorter soil coverage during the rainy season compared to the upland forestry 

ones. Sediment delivery rates also reflected the changes in runoff amount and flow 

velocity, in turn directly influencing the sediment transport capacity of runoff flow. 

This would also imply that sediment translocation was pre-dominantly transport-

limited in streamflow given by the simulated high deposition rates at various 

streambed locations. Still, this can explain the simulated higher sediment discharge 

rates compared to field observations in the lowland watershed area only to certain 

extent. Associated runoff patterns would not be transport-limited given by the 

expected reduction in flow velocity by the decrease in slope inclination. Thus, another 

reason of the simulated deposition behaviour could be related to the calibration of the 

lowland paddy area as a single ‘unbound’ land use system. Unbound in this context 

refers to the employed calibration strategy using a single paddy field polygon instead 

of individual fields as found in reality. This has the implication that in contrast to field 

setting reality, simulated lowland streamflow passed the paddy field site in straight, 

northeast direction, instead of being diverted through the complete paddy cascade 

system by farmer’s irrigation practises as usually found in field reality (Schmitter et 

al., 2010). 

 

4.5.4 ERODEP-LUCIA as decision support tool for soil conservation 

planning 

Estimating the risk of soil erosion is an essential component for soil conservation 

planning in areas such as mountainous Northern Vietnam. The ERODEP-LUCIA 
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framework can be used as decision support tool in such regions under transition as it 

offers a process-based and spatial-explicit assessment of soil erosion and sediment 

deposition patterns under data-limiting situations. Simulated soil erosion and sediment 

deposition hotspot maps offer implications which could be directly drawn for soil 

conservation planning. Especially the identification of priority areas has the advantage 

to target conservation strategies to areas with a high likelihood of soil erosion and 

sediment deposition. 

A further advantage in using a modelling tool such as ERODEP-LUCIA is the 

illustration of intra-watershed dynamics, not always obvious from field assessments. 

For instance, modelling results demonstrated that plot-level soil erosion in Ban Tat 

watershed mostly suffered by first-order changes such as vegetation cover or runoff 

quantities, whereas watershed-scale sediment delivery rates were mainly influenced 

by changes in sediment transport capacity and the interconnectivity of sediment 

source and sink areas. The difficulty in calibrating and validating spatially-distributed 

models such as ERODEP-LUCIA is to a large extent due to the large spatial and 

temporal variability of soil erosion and sediment deposition phenomena and the 

uncertainty associated with the input parameter values in such a model to predict these 

processes (Jetten et al., 2003). However, the employed calibration and validation 

procedures in case of this study confirmed the potential of the newly developed 

modelling approach in simulating the interplay of soil erosion, sediment delivery and 

sediment deposition in an adequate manner, given the premises of a short calibration 

period and validation data being only available on a daily resolution. 

 

4.5 Conclusion 

Estimation of soil erosion risk is an essential component for sustainable land use 

strategies in mountainous watersheds of Northern Vietnam. The study could 

demonstrate that the newly developed ERODEP-LUCIA framework was able to 

mimic reasonably well soil loss patterns at plot-level as well as sediment 

transportation and sediment deposition patterns at watershed-scale following the 

annual variations in land use and rainfall regimes. Simulation results confirmed that 

simulated plot-scale soil loss under upland swiddening and upland forestry as well as 

sediment delivery rates in streamflow was predicted at an acceptable to good level. 

Cumulative sediment deposition patterns in a lowland monitoring site agreed well 

with field data. The revealed limitations in adequately representing silt fractions along 

a spatial gradient however, highlighted the need for field-based calibration data 

instead of solely relying on optimized inputs derived from literature. Soil erosion risk 
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maps as well as erosion and deposition derived from methods presented in this study 

can be directly incorporated in soil conservation planning. Sensitivity analysis further 

highlighted the interplay of soil erosion and sediment deposition following variations 

in stream power, sediment velocity and surface cover by vegetation or plant litter. 

Further research should evaluate the robustness of the ERODEP-LUCIA approach in 

other tropical environments such as Northern Vietnam to assess its wider applicability 

for soil conservation planning and as decision support tool for transition regions in 

general. 
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Chapter 5 General discussion 

5.1 Modelling in data-limited environments: Potentials and challenges 

Dynamic and spatially-explicit models that aim to simulate the impact of land use 

change on ecosystem functions have to account for both process complexity and 

functionality. For these models, an understanding of how land use change processes 

operate and impact ecosystem functions across different spatial and temporal scales is 

a fundamental prerequisite. In many tropical and sub-tropical environments such as 

mountainous Northern Thailand and Northern/North-western Vietnam often 

insufficient data are available to calibrate and validate these models appropriately. 

Hence, questions arise if in such a case, models should be designed around available 

measurements or should data collection be carried out only once the model structure 

has been fully developed? 

The model framework defines the data needed to produce the answer to the stated 

research question. This will also vary depending on the questions asked. For example, 

for the case study of North-western Vietnam (Chapter 2), the combination of 

qualitative data and participatory processes were appropriate to parameterize the semi-

quantitative soil fertility module of the FALLOW model. Integrating these approaches 

into a single assessment framework was useful to examine how future land use change 

will impact on soil fertility in a semi-quantitative manner. The combined approach 

would have been not appropriate to estimate quantitatively the loss of topsoil by soil 

erosion and associated off-site effects such as sediment deposition. In this case, an 

approach such as the newly developed ERODEP-LUCIA modelling framework 

(Chapter 4) would have been more useful given its more detailed biogeophysical 

process complexity. Nevertheless, an approach such as ERODEP-LUCIA also comes 

with the trade-off of increased input data demands. Thus, focus should be given from 

the beginning of a modelling exercise on what is essential for a model and what 

research questions should be answered with it. One of the common pitfalls is to 

assume that models need to be complex and data-hungry. Collecting massive amounts 

of data and information ahead of the modelling procedure is not only costly, but may 

rather create confusions given by the need to cover more complex process 

interactions. Meanwhile, simplification is necessary in order to focus on the most 

important model variables and to capture the basic interactions of the landscape 

system as a whole (Haraldsson and Sverdrup, 2004). Simpler models are also easier to 

communicate compared to complex ones, with the additional incentive of lower data 

demands. For example, the use of a carbon stock accounting model approach was 

useful for the case of Mae Sa Mai watershed following the aim to estimate the impact 
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of land use change on time-averaged above-ground carbon stocks at watershed-scale. 

Using instead a process-based simulation approach, e.g. CO2FIX (Masera et al., 2003) 

would have offered more detailed insights into, i.e. on tree growth competition or tree 

mortality rates, however, would not have necessarily supported the analysis how the 

future likelihood of land use change will influence the evolution of above-ground 

carbon stocks at watershed-scale.  

In general, the strength of a simulation model depends on whether the major features 

affecting land use changes are integrated, whether the functional relationships 

between factors affecting processes of change are appropriately represented, and the 

capacity of the model to predict the most important biophysical and/or socio-

economic impacts of land use change (Seppelt et al., 2009; Veldkamp and Verburg, 

2004). It is important to acknowledge the trade-offs that exist during model 

development and model application, and to communicate them in a transparent 

manner to all stakeholders involved. Given the success of the integrated modelling 

approaches presented in this thesis, it is not necessariliy the challenge of data-

limitations, but rather the decision from the very beginning if the aim is to develop a 

new model tool or to use existing model structures to support environmental decision 

making. Otherwise modelling becomes a very iterative and step-wise procedure 

without clear objectives defined. 

 

5.2 The added-value of integrating stakeholder knowledge into the 

modelling process 

The advantage of stakeholder participation during a modelling process lies in the 

credibility and validity of the model simulations, giving it a stronger voice in 

environmental decision making (Lusiana et al., 2011). Involving the stakeholder 

community into the modelling process is further important to establish a common 

understanding and appreciation of the examined research question.   

Many studies have already argued that the communication with decision-makers and 

other stakeholders has to be accompanied by fostering the participation of 

stakeholders at all stages of the modelling process (i.e. Laniak et al., 2013; Ritzema et 

al., 2010; Sohl and Claggett, 2013). Especially at the landscape-level, integrating 

stakeholder knowledge into the modelling process offers an added-value as 

participatory approaches do not mandatorily require computer tools but can rather 

work with visualisation methods such as mapping sequences or role-play games 

(Castella, 2009). In case of examining the impact of land use change, stakeholder’s 

local knowledge can for example support the identification of land degradation sites 
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which can lay the foundation for more detailed field investigations (Turkelboom et al., 

2009).  

Stakeholders’ involvement does not necessarily need to focus on the decision making 

process only, but can also improve the modelling process itself (Refsgaard et al., 

2007). This could be for example demonstrated by the participatory appraisal (PRA) 

techniques employed for the case of Chieng Khoi Commune, North-western Vietnam 

(Chapter 2). Here, stakeholder involvement was useful: (i) to improve the problem 

framing of the modelling exercise, (ii) to utilise the local, non-scientific knowledge to 

derive plausible scenario assumptions that fostered to examine the local dynamics of 

land use change and soil fertility decline, (iii) to overcome the input limitations to 

parameterize the FALLOW model, (iv) and to support plausibility checks to 

crosscheck the qualitative nature of provided stakeholder information. The use of an 

information feedback loop (Fig. 2.3) was not only useful to cross-check the qualitative 

nature of the derived local stakeholder information, but also to translate the locally-

derived knowledge into scientific information. Participatory techniques were also 

useful for the case study in Northern Thailand (Chapter 3). In this case, the locally-

derived knowledeg allowed a more realistic setup of the different land use change 

scenario settings following local stakeholder expectations. This followed a plea of 

Verburg (2006) who stated that ‘projecting the impact of future landscape changes on 

ecosystem function requires an understanding and integration of past landscape trends, 

current land use change processes and feedbacks, and the incorporation of plausible 

assumptions for scenario development’.  

Building on these case study experiences, it becomes clear that future modelling 

studies need to move beyond the assumption that by simply generating model results, 

decision makers can easily incorporate modelling results into the environmental policy 

process (McIntosh et al., 2011). This implies a transformation process where scientific 

modelling results have to be translated into stakeholder language following the desire 

of transferring scientific results into ‘real-world’ applications. Geo-visualisation tools 

or role-play games have been described as an effective means to support such a 

transformation process among different stakeholder groups following the concept of 

collective learning (i.e. Castella, 2009; Pak and Brieva, 2010; Washighton-Ottombre 

et al., 2010). Hence, modellers need to become more active providers of model results 

to assure that model findings will enter the decision making process (Sohl and 

Claggett, 2013). Building on local, stakeholder-derived information in turn can lead to 

a higher credibility to transfer the scientific model findings into locally-adapted land 

use strategies. This is important because at the end only stakeholders’ decision will 
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determine the sustainability of land use systems and their impact on ecosystem 

functionality in the future. 

 

5.3 Uncertainties in modelling the impact of land use change on 

ecosystem functions 

Environmental systems are open and are attributed by uncertainty as a function of the 

stochastic, non-linear, even chaotic or catastrophic dynamic of human-environmental 

interactions (Hou et al., 2013). In contrast, the principal aim of science-based 

approaches such as modelling is to test generic assumptions and to simplify complex 

interactions following the purpose of study. It seems obvious that uncertainty has to be 

clearly stated and reported. However, still many studies lack this important reporting 

feature, i.e. Seppelt et al. (2011) demonstrated that out of 153 ecosystem service 

studies examined only 55% of them provided information on their results’ uncertainty. 

Uncertainty in landscape assessments can affect the quality and reliability of the 

outputs of a landscape model (Hou et al., 2013). For example, spatially-explicit land 

use change assessments often refer to information of land cover/land use data which in 

most cases provide the basic spatial unit for a spatially-explicit modelling study. The 

use of finer-scaled spatial datasets and a higher number of land cover/land use classes 

appears to be a viable solution to overcome these constraints, but come with the trade-

off of higher costs and increasing data processing time. One way to overcome this 

constraint would be the use of land use classification guidelines, as for example 

proposed by Jansen and Di Gregorio (2002) offering the comparison of spatial 

datasets with different temporal and/or spatial resolutions in a consistent and 

transparent manner. 

From a modelling point of view, uncertainty is often reported by statistical techniques 

such as stochastic model calculations and the analysis of error propagation. In 

practice, this is often done as an ‘end of pipe’ analysis that is carried out after model-

setup, calibration and validation have been completed (Refsgaard et al., 2007). In its 

simplest form, model output distributions are mapped by calculating the deterministic 

results or realisations for a large number of random draws from the individual 

distribution functions of input data and parameters of the model, such as Monte Carlo 

simulations (Crosetto et al., 2000). The advantage of such an approach is its general 

applicability, not necessarily imposing many assumptions on probability distributions 

and correlations. The disadvantage of an approach such as Monte Carlo is the large 

number of simulation runs creating challenges for computationally intensive models 

and the resulting huge amount of outputs that are not always straightforward to 
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analyse (Refsgaard et al., 2007). However, reporting uncertainty should not just start 

after the modelling exercise, but should rather be carried during the entire modelling 

study. For example, in case of the combined Dyna-CLUE model and carbon stock 

accounting procedure in Northern Thailand (Chapter 4), uncertainty was reported by 

the minimum and maximum range of compiled above-ground carbon stock input data, 

the use of the goodness-of-fit spatial validation procedure, and the combined scenario 

and sensitivity analysis, revealing that the influence of the employed carbon stock 

input data was larger compared to the hypothesized land use change scenario effect. 

Model structure and its embedded functionality can further lead to uncertainty given 

by the imposed input demands that may be not always possible to measure in the field 

or at the scales represented in the model. For example, the embedded sediment re-

entrainment formula in the ERODEP approach (Chapter 4) is grounded on soil-

physical theory, but until to date has not been fully examined under field conditions 

and only in lab experiments using rainfall generators (Tromp-van Meerveld et al., 

2008). Still, modellers cannot afford to restrict themselves to one standard uncertainty 

assessment procedure (Bennett et al., 2013), nor should the examination and reporting 

of uncertainty be carried out at the end of the modelling study. Instead, reporting 

uncertainty ‘should be rather understood as a red thread throughout the entire 

modelling study starting from the very beginning’ (cf. Refsgaard et al., 2007). 

 

5.4 Implications for environmental management strategies in 

mountainous watersheds of Northern Thailand and Northern Vietnam 

The model projections of the presented case studies revealed that the continuation of 

current land use practices will lead to severe land degradation and resource overuse, 

i.e. decline of soil fertility (Chapter 2) or the loss of above-ground carbon stocks 

(Chapter 3). Additionally, land use changes in these mountainous areas can also result 

in secondary impact effects such as water and matter cycle adjustments, as 

demonstrated by the simulated soil erosion and sediment deposition patterns in Ban 

Tat watershed (Chapter 4). Questions arise how the currently often contrasting land 

use policies, either focusing on economic development or natural conservation, can be 

integrated into a common framework that can serve both the development of local 

livelihood strategies and the maintenance of important ecosystem functions in a 

sustainable manner. 

Many environmental policy measures in the case of Northern Thailand and Northern 

Vietnam have been misguided by failing to acknowledge the multi-dimensional facets 

of sustainable watershed management, putting too many efforts on top-down, 
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‘command-and-control to resource management and one-size-fits-all conservation 

approaches’ (cf. Neef, 2012). For example, attempts to introduce soil conservation 

measures have largely failed because of merely concentrating on technical feasibility 

and potential ecological effects, while neglecting economic viability and socio-

cultural acceptance. The production of agricultural commodities on the other hand was 

mostly driven by market-based incentives (Neef, 2012). To overcome these societal 

goal conflicts, local stakeholder groups have to be integrated into the policy making 

process from the very beginning. Using such a ‘bottom-up’ approach can be 

beneficial, because locally-driven policy development bears the incentive to reach a 

wider acceptance and higher adoption among all stakeholders involved (Thomas et al., 

2002). This would further imply that current land use and rural management strategies 

in mountainous Southeast Asia have to move from financing technology-driven 

developments to the creation of long-term interactive knowledge partnerships and 

innovation networks that should include a multitude of stakeholder groups, i.e. 

farmers, scientists, extension services, NGOs, and industries (Neef et al., 2013). The 

use of such multi-stakeholder partnerships has to be further supported by incentive-

based policies, e.g. payments for environmental services (PES) (e.g. Neef, 2012). By 

this means, the often prevailing goal conflicts between natural conservation and 

economic development could be minimzed by the embeeded financial incentives. 

Nevertheless, although the concept of rewarding land managers for providing 

environmental or ecosystem services is a well-known scheme to provide technical and 

financial assistance in many countries of the world (Neef and Thomas, 2005), 

Thailand has not yet implemented any viable payment of ecosystem service scheme 

e.g. Clean Development Mechanism (CDM) at watershed-scale to date. In case of 

Vietnam, most payment of ecosystem service schemes have also not moved beyond 

the pilot project phase or small catchment level, and the country overall still lacks a 

comprehensive legal framework at the national level (Neef et al., 2013). 

Given these currently prevailaing institutional challenges, it is therefore even more 

important to propagate the need of integrated locally-adapted environmental strategies 

at the watershed-level of mountainous Northern Thailand and Northern Vietnam. 

Although this still contrasts with the currently often practised approaches where 

agricultural innovations, i.e. soil conservation techniques were developed by 

researchers first and then transferred to extension services and farmers, instead of 

defining the ‘real-world problem’ in close cooperation with local stakeholder groups. 

Instead, collaborative natural resource governance schemes have to become an 

integrative part of watershed management strategies in these vulnerable landscapes, 
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further requiring that government agencies have to acknowledge that upland 

communities are skilful environmental managers that are the key partner for the 

development of sustainable watershed management strategies (Neef, 2012). 

 

5.5 The future of land use change modelling for decision support: 

Lessons learned and a proposal for a generic assessment framework 

A generic assessment approach is proposed as synthesis of the lessons learned of this 

study, in particular when employing dynamic and spatially-explicit models to examine 

the impact of land use change on ecosystem functions (Fig. 5.1).  

Given the desire of stakeholder integration, the framing of the ‘real-world problem’ 

has to be the starting point of the assessment framework. Accordingly, research 

question(s)/hypotheses have to be developed by the environmental modeller, and 

expected model output demands be clarified. The initialization stage would be 

followed by defining extent and scope of study area, the most important land 

use/landscape elements and the temporal resolution of assessment. At the second 

stage, driving factors and land use change trajectories are identified, preferentially by 

combining stakeholder-driven participatory approaches with scientific assessment 

procedures upon which a model scenario analysis would be built on. At the third 

stage, focus is given on reviewing and testing available model frameworks and to 

estimate their associated input data demands. If the aim of a study is primarily on 

model development, then information of stage one and two could support the model 

design development instead. At this stage, it is further important to employ model 

protocol guidelines as discussed in Chapter 1.3, because this supports the comparison 

of modelling frameworks in a consistent and transparent manner. At stage four, focus 

would be primarly given on the actual modelling exercise, with the necessity to report 

simulation validity, as well as input data and model framework uncertainty. In the 

fifth and final stage particular emphasis is placed on communicating modelling results 

to all stakeholders involved, preferentially using methods to translate and visualize the 

scientific findings using e.g. role-play games in accordance with the commonly 

defined real-world problem. At this stage, model outputs have to be further 

crosschecked together with local stakeholders for their applicability and transferability 

to the ‘real-world’. Given the added-value of stakeholder involvement as discussed 

above, stakeholder’s knowledge, perceptions and feedback have to be integrated at all 

five stages of the assessment framework, but with different intensities as indicated by 

the plus signs (Fig. 5.1). 
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Figure 5.1 Proposed integrated assessment framework to analyse and model the 
impact of land use change dynamics on ecosystem functions, with t: time (adapted 
from: Bürgi et al. 2004; Köllner et al., 2013); (+) signs refer to level of stakeholder 
engagement during the integrated assessment framework. 
 

The use of such a generic framework is not only useful to support the modelling 

process, but can also help to prioritise model input data demands to a minimum. By 

these means, the design of data collection instruments and the conduct of fieldwork 
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can be adjusted acordingly, especially useful in data-limited environments such as 

Mountainous Mainland Southeast Asia. 

 

5.6 Concluding remarks and final recommendations 

Data-limited conditions are a common feature of tropical and sub-topical 

environments in Mainland Mountainous Southeast Asia in general. The presented 

thesis could unravel some of the most eminent challenges when employing dynamic 

and spatially-explicit models in data-limited environments such as Northern Thailand 

and Northern/North-western Vietnam. Following the experiences discussed above, a 

set of recommentations and remarks are listed below for future studies in this field of 

research: 

 

(i) Environmental modellers, decision makers and stakeholders have to be 

aware of the trade-offs between model complexity, functionality, and output 

reliability when aiming to use impact assessment models as systemic 

analysis tools. 

(ii) It is not the challenge of data-limitations, but rather the decision from the 

very beginning if the aim is to develop a new model tool or to use existing 

model structures to support environmental decision making. 

(iii) Integrating local stakeholder knowledge and linking participatory 

approaches with modelling-based investigations is a promising pathway to 

examine the impact of land use change on ecosystem functions in a more 

holistic fashion. This is important as scientific assessment can aid political 

decision making on land use, but finally only stakeholders’ perceptions will 

determine the future sustainability of agricultural landscapes. 

(iv) Reporting uncertainty has to be seen as a red thread from the very 

beginning of a modelling study. Reporting uncertainty improves the 

transparency of the model structure and can improve the modelling 

framework as well. 

(v) The use of a generic assessment approach as proposed above can be 

beneficial not only to guide the modeller throughout a modelling study, but 

also to communicate transparently model input demands and output validity 

to all stakeholders involved. 

(vi) Integrated assessments studies as presented in this thesis provide one way 

forward to develop modelling frameworks that are robust enough to deal 
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with the complex, non-linearity nature of coupled environmental and human 

systems such as landscapes. 

(vii) Models themselves are a potentially considerable research output since they 

can summarize research findings in a more systemic way than scientific 

publications only. 

 

The presented thesis examined how future land use change will impact ecosystem 

functions in mountainous regions of Northern Thailand and Northern Vietnam. Given 

the multi-facets of biophysical and socio-economic aspects, the presented case studies 

could not cover the whole range of (local) issues involved such as contrasting market 

access situations, or the impact of land use change on biodiversity or below ground 

carbon pools. Hence, the outputs and recommendations discussed in the presented 

thesis should not be used to draw general conclusions regarding the whole region of 

Mountainous Mainland Southeast Asia, as for example the agricultural systems in 

Laos or Myanmar are not yet intensified to the same extent as in the examined study 

regions. Nevertheless, it can be expected that similar cause-and-effect trajectories of 

land use change will start to unravel in these countries in the near future as well. The 

presented thesis is scientifically relevant because it demonstrated new pathways how 

to employ dynamic and spatially-explicit models in data-limited watersheds of 

Northern Thailand and Northern/North-western Vietnam, and derived implications 

relevant for environmental policy support in other regions that face similar 

biophysical and socio-economic challenges. 
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Summary 

The presented PhD thesis deals with the development of new modelling approaches 

and application procedures to simulate the impact of land cover and land use change 

(LUC) on soil fertility, carbon sequestration and mitigation of soil erosion and 

sediment deposition under data-limited conditions, using three mountainous 

watersheds in Northern Thailand, Northern and North-western Vietnam as case study 

areas. 

The first study investigated if qualitative datasets derived during participatory 

processes can be used to parameterize the spatially-explicit, soil fertility-driven 

FALLOW (Forest, Agroforest, Low-value Landscape Or Wasteland?) model. 

Participatory evaluations with different stakeholder groups were conducted in a case 

study village of Northwest Vietnam to generate model input datasets. A local colour-

based soil quality classification system was successfully integrated into the FALLOW 

soil module to test scenarios how current or improved crop management would impact 

the evolution of upland soil fertility levels. The scenario analysis suggested a masking 

effect of ongoing soil fertility decline by using fertilizers and hybrid crop varieties, 

indicating a resource overuse that becomes increasingly irreversible without external 

interventions. Simulations further suggested that the success rate of improved 

cropping management methods becomes less effective with increasing soil 

degradation levels and cannot fully restore initial soil fertility. 

The second case study examined the effects of LUC on the provisioning of long-term 

carbon sinks illustrated for a case study watershed in Northern Thailand. Based on 

land use history data, participatory appraisals and expert interviews, a scenario 

analysis was conducted with the Dyna-CLUE (Dynamic and Conversion of Land use 

Effects) model to simulate different LUC trajectories in 2009 to 2029. The scenario 

analysis demonstrated a strong influence of external factors such as cash crop 

demands and nature conservation strategies on the spatial evolution of land use 

patterns at watershed-scale. Coupling scenario-specific LUC maps with a carbon 

accounting procedure further revealed that depending on employed time-averaged 

input datasets, up to 1.7 Gg above-ground carbon (AGC) could be built-up by 

increasing reforestation or orchard areas until 2029. In contrast, a loss of 0.4 Gg in 

AGC stocks would occur, if current LUC trends would be continued until 2029. 

Coupled model computations further revealed that the uncertainty of estimated AGC 

stocks is larger than the expected LUC scenario effects as a function of employed 

AGC input dataset. 
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The third case study examined the impact of land use change on soil erosion and 

sediment deposition patterns in a small watershed of mountainous Northern Vietnam 

using a newly developed dynamic and spatially-explicit erosion and sediment 

deposition model (ERODEP), which was further coupled with the LUCIA (Land Use 

Change Impact Assessment) model building on its hydrological and vegetation growth 

routines. Employing available field datasets for a period of four years, ERODEP-

LUCIA simulated reasonably well soil erosion and sediment deposition patterns 

following the annual variations in land use and rainfall regimes. Output validation (i.e. 

Modelling Efficiency=EF) revealed satisfying to good simulation results, i.e. plot-

scale soil loss under upland swiddening (EF: 0.60-0.86) and sediment delivery rates in 

monitored streamflow (EF: 0.44-0.93). Cumulative sediment deposition patterns in 

lowland paddy fields were simulated fairly well (EF: 0.66), but showed limitations in 

adequately predicting silt fractions along a spatial gradient in a lowland monitoring 

site. 

In conclusion, data-limited conditions are a common feature of many tropical 

environments such as Northern Thailand and Northern/North-western Vietnam. 

Environmental modellers, decision makers and stakeholders have to be aware of the 

trade-offs between model complexity, input demands, and output reliability. It is not 

necessarily the challenge of data-limitations, but rather the decision from the very 

beginning if the aim is to develop a new model tool or to use existing model structures 

to support environmental decision making. Future modelling-based investigations in 

data-limited areas should combine scientifically-based approaches with participatory 

procedures, because scientific assessment can support environmental policy making, 

but stakeholders’ decision will finally determine the provisioning of ecosystem 

functions in the long run. A generic assessment framework is proposed as synthesis of 

this study to employ dynamic and spatially-explicit models to examine the impact of 

LUC on ecosystem functions. The application of such a generic framework is 

especially useful in data-limited environments such as Mountainous Mainland 

Southeast Asia, as it not only provides guidance during the modelling process, but 

also supports the prioritisation of input data demands and reduces fieldwork needs to a 

minimum. 
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Zusammenfassung 

Die vorgestellte Doktorarbeit behandelt die Entwicklung von neuen 

Modellierungsansätzen zur Simulierung des Einflusses des Landnutzungswandels 

(LW) auf Bodenfruchtbarkeit, Kohlenstoffsequestrierung, Bodenerosion und 

Sedimentablagerungen unter datenlimitierenden Konditionen in drei ausgewählten 

Fallgebieten in Nordthailand, Nordwest-, und Nordvietnam. 

Die erste Fallstudie untersuchte ob qualitative Datensätze, die durch partizipative 

Prozesse erhoben wurden, zur Parameterisierung des bodenfruchtbarkeitsgetrieben 

FALLOW (Forest, Agroforest, Low-value Landscape Or Wasteland?) Models 

eingesetzt werden können. Partizipative Evaluierungen wurden mit verschiedenen 

Interessengruppen eines Dorfes in NW Vietnam durchgeführt, um entsprechende 

Modelldatensätze zu generieren. So konnte z.B. ein lokales, farbbasiertes 

Bodenqualitätssystem erfolgreich in das FALLOW Model integriert werden, um damit 

Szenarien zu testen, wie aktuelle und verbesserte Anbaumaßnahmen die Entwicklung 

der Bodenfruchtbarkeit beeinflussen können. Eine Szenarienanalyse legte weiterhin 

nahe, das durch die Verwendung von Düngemitteln und Hybridsaatgut die 

fortschreitende Abnahme der Bodenfruchtbarkeit maskiert wird, die mit zunehmender 

Fortschreitung irreversibel werden kann. Die Analyse zeigte weiterhin, das die 

Erfolgsrate von verbesserten Anbaumaßnahmen mit der fortschreitenden 

Bodendegradierung schwächer ausfallen wird, und auch nicht mehr in der Lage wäre, 

die Bodenfruchtbarkeit im ursprünglichen Zustand wiederher-zustellen. 

In der zweiten Fallstudie wurden die Auswirkungen des LW auf die langfristige 

Bevorratung oberirdischer Kohlenstoffpools in einem Wassereinzugsgebiet 

Nordthailands untersucht. Basierend auf historischen Landnutzungsdatensätzen, 

partizipativen Bewertungen und Expertenbefragungen wurden verschiedene Szenarien 

mit dem Dyna-CLUE (Dynamic and Conversion of Land use Effects) Modell von 

2009 bis 2029 simuliert. Die Szenarienanalyse konnte einen starken Einfluss von 

externen Faktoren wie dem Bedarf von Feldfrüchten oder Naturschutzmaßnahmen 

aufzeigen. Die Kopplung der szenarienspezifischen Landnutzungskarten mit einem 

Kohlenstoffbilanzierungsverfahren zeigte weiterhin, dass in Abhängigkeit des 

eingesetzten Eingabedatensatzes, bis zu 1.7 Gg oberirdischer Kohlenstoff durch 

Wiederaufforstungen oder Obstbaumplantagen bis zum Jahr 2029 aufgebaut werden 

können, während 0.4 Gg oberirdische Kohlenstoffpools verloren gehen würden sollten 

die aktuellen LW-Trends bis 2029 fortschreiten. Die gekoppelten 

Simulationsberechnungen zeigten weiterhin, dass die Unsicherheit der geschätzen 
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oberirdischen Kohlenstoffpools größer ist als der zu erwartende LW-Effekt, als 

Funktion des verwendeteten Modelldatensatzes. 

Die dritte Fallstudie untersuchte die Auswirkungen des LW auf Bodenerosion und 

Sedimentablagerungen in einem Wassereinzugsgebiet in Nordvietnam. Dazu wurden 

das neuentwickelte, dynamisch und räumlich-explizite Erosions- und Depositions-

model ERODEP mit dem LUCIA (Land Use Change Impact Assessment) Modell 

gekoppelt. Anhand vorhandener Felddatensätze konnte aufgezeigt werden, dass der 

ERODEP-LUCIA Modellansatz in angemessener Weise Bodenerosion und Sedi-

mentablagerungen, folgend der jährlichen Variabilität der Landnutzung und der 

Regenmenge, simulieren konnte. Die Validierung der Simulationsergebnisse (u.a. mit 

der Modellierungeffizienz=EF) konnte gute bis sehr gute Simulierungsergebnisse 

erzielen, u.a. für schlagspezifische Flächen die mit Berglandreis angebaut wurden 

(EF: 0.60-0.86), sowie Sedimentförderraten des untersuchten Bachlaufs (EF: 0.44-

0.93). Kumulative Sedimentablagerungen in Reisanbauflächen des Flachlandes 

konnten mit einer ausreichenden Simulierungsrate (EF: 0.66) abgebildet werden, 

zeigten aber auch Einschränkungen bei der adequaten Darstellung der Schluff-

fraktionen entlang eines räumlichen Gradienten. 

Anhand der untersuchten Fallstudien zeigte sich, dass datenlimitierende Konditionen 

ein verbreitetes Charakteristikum subtropischer/tropischer Gebiete sind. Insofern 

müssen Modellierer, Entscheidungsträger und Interessengruppen ein Bewußtsein 

dafür entwickeln, dass Abstriche im Verhältnis von Modellkomplexität, 

Datenanforderungen und Ergebniszuverlässigkeit gemacht werden müssen. Es ist 

nicht zwangsläufig die Herausforderung der Datenlimitierung, sondern vielmehr die 

Entscheidung zu Beginn einer Studie, ob der Fokus auf Modellentwicklung oder 

Modellanwendung, zur Unterstützung des Umweltmanagements, gelegt werden soll. 

Zukünftige Modellanwendungen in datenlimitierenden Regionen sollten immer 

wissenschaftliche mit partizipativen Techniken kombinieren, da zwar 

wissenschaftliche Untersuchungen umweltspezifische Strategieempfehlungen ableiten 

können, letztendlich aber das Verhalten lokaler Interessengruppen über die 

nachhaltige Zukunft von Wassereinzugsgebieten entscheiden wird. Als Synthese 

dieser Studie wird eine allgemeingültige Untersuchungsprozedur vorgeschlagen zur 

Verwendung von dynamisch, räumlich-expliziten Modelle zur Analyse des Einflusses 

des LW auf Ökosystemfunktionen. Dieses Rahmenwerk ist vorallem im Fall von 

datenlimitierenden Gegenden von Nutzen, da Richtlinien für den 

Modellierungsprozess vorgeschlagen werden, die zu einem Datenpriorisierung 

fördern, sowie die Anzahl von Feldstudien auf ein Minimum reduzieren sollen. 
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