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S u m m a r yS u m m a r y

Natural forests are, rightly or wrongly, the global benchmark for both ‘watershed
functions’ and ‘biodiversity conservation’. While both these functions can be affected by
forest conversion and further intensification of agriculture, the trajectories of both
functions are essentially different. ‘Watershed functions’ can be defined as the way
landscapes determine quantity, timing and quality of river flow, by the way they 1)
transmit, 2) buffer and 3) gradually release the rainfall that is received, 4) modify water
quality and 5) maintain the integrity of the soil capital  in the catchment area. For these 5
‘criteria’ we developed quantitative indicators, applicable in assessments at different
scales. There is only a very partial direct overlap between watershed functions in this
sense and the ability to conserve, provide habitat and connectivity for biological diversity
in landscapes. The relationships between land use change, watershed functions and
biodiversity conservation are captured in a series of 10 hypotheses and 5 major questions
studied in this report. We tested the hypotheses for internal consistency through the
construction and use of quantitative simulation models that can be compared with actual
data sets. We concentrated on the first three criteria and indicators for this report.

Two ASB benchmark areas in Southeast Asia were the focus of this study, Mae
Chaem in northern Thailand and Sumber Jaya (Way Besai) in Lampung in the southern
part of Sumatra (Indonesia) have an annual rainfall of about 1.5 and 2.5 m year-1,
respectively. Total water yield (after subtraction of an estimated evapotranspiration of 1.3
m year-1) is about 0.2 and 1.2 m year-1, or 15 and 50% of rainfall. These values may
broadly represent the hydrology in subhumid and humid tropics. In Mae Chaem the
difference between actual and potential evapotranspiration dominates the water balance
via total water yield. In Sumber Jaya (Way Besai) changes in soil structure that partition
total water yield over quick and slow flows are the main feature that needs to be better
understood.

The total amount of water supplied to downstream users generally increases with
forest conversion to upland agriculture, but will be reduced to levels of the original forest
or below that if irrigated agriculture or reforestation with fast-growing trees become a
major water user. This overall effect of land cover change can be directly predicted by
summation over the plot-level water balance, as total river discharge equals rainfall minus
evapotranspiration, when considered at time scales where changes in the storage terms
can be ignored. As the absolute changes in water use due to land use change are
approximately equal across a wide range of annual rainfall values, the relative effects are
highest in the driest areas considered. 

For a study area in northern Thailand and for the Mekong river system as a whole,
with annual rainfall of around 1.5 m year-1, land-use induced changes in total water yield
can lead to a doubling of the total discharge volume (from 13 to 25% of estimated annual
rainfall) and to a significant increase in flooding risk for parts of the river where technical
control over river flow through reservoirs is limited. For the Mae Chaem study area river
discharge was about 20% of station-level rainfall, but area-averaged rainfall may be
considerably higher than the data for the rainfall station suggest. For a study area in
Indonesia with annual rainfall of about 2.5 m year-1, the fraction of rainfall that was
measured as river discharge increased from about 40 to about 70% over the 1975 – 1998
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period. The number of days the river meets the target of a hydroelectric run-off generator
has probably increased.

While the various hydrological models broadly agree on the direction and size of
these effects on total water yield, public policy and investment remain often based on
expectations of increases in total water yield as effect of ‘reforestation’. In the absence of
effects of such land cover change on rainfall, there is no known mechanism or empirical
data set to support the views underlying such policies.

More controversial is the impact of land use change on the ‘evenness’ of river
discharge or the degree to which river discharge is buffered relative to rainfall peaks.
Both high peak discharge, that leads to flooding of downstream areas and is generally
linked to reduced infiltration into the soil and increased channeling of drainage, and low
levels of base flow that are the result of reduced infiltration into the soil and/or increased
uptake of soil water by trees are generally considered to be undesirable. A newly defined
‘buffering indicator’ allows the empirical study of changes in buffering. For a watershed
in Indonesia a change in forest cover from 60 to 10% and conversion to a coffee-
dominated agroforestry landscape lead to a decrease in buffering (on a scale from 0 to 1)
by 0.15, from 0.85 to 0.7. This means that twice as much water flows in the river as
‘above-average flow’. Modeling studies suggest that a conversion to open-field
agriculture with ensuing degradation of soil structure could reduce the buffer indicator by
a further 0.2, trebling the total amount of ‘above-average’ river flow relative to the
forested condition of the watershed. Empirical and modeling studies for northern
Thailand show only a small change in buffering indicator in response to the land use
change in the past decades. These changes in buffering essentially depend on changes in
soil structure and are expected to have thresholds markedly below the loss of biodiversity
value during intensification of land use.

A set of four scenarios for ‘plausible’ land use change was developed for the
Upper Ping River Basin driven by forces in society scenarios that emphasize food
production or environmental conservation. The four scenarios, “Fields and Fallow”,
“Food Bowl”, “Parks and Cities” and “Agro-forests”, in turn, can be thought of as being
nested in larger scale scenarios about national and regional global development. These
larger scale scenarios are being developed by the Global Scenarios working group of the
Millennium Ecosystem Assessment. In this study the four scenarios for the Ping Basin
were applied to the Mae Chaem sub-basin.  This was done in three steps.  First, historical
analysis of land-use change over the past 10 and 20 years were made using multiple
regression techniques.  Second, ‘soft’ models were constructed to make explicit some of
the main assumptions underlying each of the scenarios and how they could be articulated
in a quantitative landscape evolution model. Third, a platform for modelling and
visualization landscape evolution was built in Visual C++.  This allowed us to both
include systems of differential equations based on regressions of land-use change on a set
of categorically transformed predictor variables and rule-based processes.  The first
version of the model with which the set of simulated landscapes presented here is based
largely on modifying small subsets of the underlying regression coefficients guided by
the soft models.  Land-covers modelled were: orchard, paddy, field crop, hi-value
intensified crop, fallow/secondary shrub, human settlements.  Other land-uses such as
water bodies were assumed to stay constant. Predictor variables were similar to those
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shown in the soft model diagrams, including, for example, elevation, past land use,
estimates of travel times and distance to water.  The scenarios differ in the degree of
forest cover they predict for Mae Chaem in 50 years time, ranging from 25% for the
‘Food bowl’ to 50% for the ‘Parks’ scenario.  Hydrological evaluation of these plausible
future landscape configuration lead to relatively small changes in predicted total water
yield or buffering.

As previous studies indicated a lack of empirical evidence for effects of land use
change on river flow (except for water quality linked to point-pollution), we explored the
hypothesis that spatial variability of rainfall enhances the ‘buffering’ of river flow and
reduces the potential impact of land cover change on the time pattern of river flow. An
internally consistent model representation can indeed ‘explain’ a reduced sensitivity of
the buffering indicator to land use change with increasing spatial scale. This effect may
help in defining the decreasing degree to which downstream land users are real
‘stakeholders’ in upland land use, as they live at increasing distance.

Water quality, as third category of watershed functions, can be strongly affected
by land use change if organic pollution linked to human settlement and agro-chemicals
directly reach the streams. Sediment loads of rivers, linked to enhanced erosion, depend
strongly on the spatial organization of a landscape, rather than on average degree of forest
cover. Model calculations suggest that riparian forests may be more effective per unit of
forest cover in reducing net sediment loads of rivers than forests in other landscape
positions. Integrity of riparian buffer zones can play an important role in biodiversity
conservation and thus there is at least some parallelism between land use patterns that
favour watershed functions and biodiversity conservation. But our overall conclusion is
that the two function groups have essentially different thresholds and dependencies on
specific land use decisions, making them separate domains for policy attention.

The main policy problem on ‘watershed functions’ may be in the perceptions that
exist in lowland and urban communities about the role of forests in providing such
‘functions’, without specifications of how other land use would actually affect them. A
coherent analysis of the local ecological, public/policy and ecological/ hydrological
science perspectives on watershed functions, informed by actual observables in case
study areas may be needed to move the policy agenda forward and effectively
communicate results (that may be contrary to ‘intuition’, current and past support for
‘reforestation’ efforts) to the audiences that negotiate decisions.
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What is the problem? Actual changes in river flow or perceptions that ground policies
and development intervention s that enhance conflict, evictions and poverty?
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The FVOB-BNPP project in a nutshell

Activity 1 Global assessment of the Pan-tropical domain of all watersheds that have at
least a partial overlap with the Tropical/Subtropical Moist or Dry Forest Biome

Activity 2 Focus on Southeast Asia and landscape and (sub) catchment scale modeling of
effects of forest conversion on watershed functions and biodiversity

Where are we in the watershed confusion matrix?
Ø Forests create rainfall…?
Ø Rainfall creates forest…?
Ø Planting trees reduces river flow…?
Ø Planting holes for trees increase infiltration…?
Ø To get more infiltration we depend on earthworms…. which depend

on litter…. that derives from trees…. which depend on farmers
expecting harvestable yield?

Ø Flooding damage to people is primarily caused by ‘living in the
wrong place’, not by loss of tree cover?

Ø Hydro-electric schemes never have the amount of water they would
like… and always have deforestation as a scapegoat?

Ø Vested interest in ‘reforestation’ will carry on, regardless of data
and understanding of effects on river flow?
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1.  Introduct ion1.  Introduct ion
1.1 Functional value of biodiversity – exploring links between biodiversity and
watershed functions across spatial and temporal scales

Forests are a point of reference for both biodiversity conservation (B) and watershed (W)
functions. As both these ‘environmental services’ are strongly affected in ‘degraded
lands’, it is logical that the general public expects that ‘forest protection’ is essential to
meet both the B and the W agenda. This leads to the expectation that local interests in
watershed functions may be sufficient ground to achieve, or even pay for, biodiversity
conservation.

Figure 1.1. The key question of the BNPP-ASB-FVOB project relates to the degree of overlap
between poverty reduction, biodiversity conservation and watershed protection agendas

The overarching question in the ‘functional value of biodiversity’ research (Fig. 1.1) is:

are ‘biodiversity conservation’ and ‘watershed protection’ strongly connected
issues that can be addressed simultaneously in a sustainable development context,
or do the issues only overlap in very specific situations and at specific scales?

Two distinct aspects of this question are:
• do areas on the globe (or within the tropical domain) that are generally

recognized to be of high importance for global biodiversity conservation have
an above-average importance for ‘watershed functions’?

• does the pattern and type of land use change that occurs within specific areas
affect the B and W aspects in similar ways?

Po-
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The project tries to answers these questions in ‘Activity 1’, focused on the global
correlation of biodiversity hot spots and areas of above-average significance for
maintenance of watershed functions, and ‘Activity 2’, focused on the impacts of gradual
land use change on B and W and the possible thresholds in the process of land use
intensification. This report covers activity 2.

In answering  questions on ‘watershed functions’, it may help to separate the
‘outcomes’ (quantitative indicators) of dynamic landscapes from the concept of
‘functions’. Functions, like beauty, depend on the eye of the beholder. Changes in water
flow regime that are desirable for some stakeholders are not desirable for others. For
example people who care for the natural biota living in these river basins may take the
‘natural level of variability’ as their target and prefer situations where floodplains get
periodically flooded, while people who built their house in a floodplain may find absence
of fluctuations of river discharge desirable. Potential impacts on, and thus perceptions of
value to, different stakeholders generally depend on a combination of the ‘outcomes’,
along with their opportunities to benefit (or suffer) from being at the right place at the
right time (or avoid being at the wrong place at the wrong time), and technical
engineering interventions. We will restrict ourselves here to a discussion of ‘outcomes’
that remains in the realm of biophysical landscape models.

Interest of policy-makers in these issues is, however, dominated by ‘damage to
people and economic infrastructure’. The types and severity of impacts on human
societies of changes in watershed functions are usually due to a combination of changes
in land cover (‘deforestation’), engineering constructions that modify drainage channels
and temporary storage structures, and the location where people choose to live (Fig. 1.2).
Where damage to human lives and livelihoods are involved in droughts and floods, we
can recognize three levels of causation: (i) direct (proximate), (ii) intermediate and (iii)
underlying (ultimate). The underlying (ultimate) cause may be that insufficient
precautions were made in the location and nature of human activity in the lower reaches

Figure 1.2. The cause-effect chains that link (negative) human impacts to (lack of) rainfall,
normally involve a number of intermediate steps, that reflect (changes in) land cover and
land use, engineering interventions into storage and flow of water, and the specific
location of the human activity that is affected
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of a river, because expectations about high and low levels of river flow do not match
reality. The direct (proximate) cause is nearly always a period of higher-than-expected
(flood) or lower-than-expected (drought) rainfall. Intermediate between these ‘ultimate’
and ‘proximate’ causes is the way watersheds process incoming precipitation to generate
river flow, and the degree to which this ‘watershed function’ is modified by land cover
and hence influenced by land use change. Single-cause attribution of impacts to any of
these three categories of causes is likely to be overly simplistic.

Moreover, a simplistic ‘upland’ – ‘lowland’ construction of watershed
management issues tends to ignore the importance of the ‘transmission zone’. Changes in
the riverbed, however, can have a major impact on the actual performance of rivers, and
land use change in the transmission zone can be at least as relevant as land use change in
the upper catchments (Fig. 1.3).
.

Figure 1.3.  Relationships between rainfall, watershed functions in the upper catchment areas
and downstream stakeholders can be strongly modified by changes in the ‘transmission
zone’ where extractions (e.g. for irrigation) can modify the total water yield and changes
in riparian vegetation can influence flow characteristics and water quality

Thus, the ‘solutions’ to policy problems revolving around watershed functions will
generally need to involve a combination of three components:
Ø Reducing the types and timing of human presence and economic activities in sensitive

locations
Ø Engineering interventions that modify water transport and storage capacity
Ø Maintaining or restoring ‘watershed functions’ in the main source areas of rivers

In this study we focus on the third component (changes in watershed functions linked to
change in land cover and land use), and are thus limited in our ability to more fully assess
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trial water use, houses on floodplains/river bed, fisheries, coral reefs..
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impacts on people and economic infrastructure (which depend on components 1 and 2 as
well).

A closer look at the way the B and W functions -- along with terrestrial C storage
(C) -- change during a gradual process of land use intensification, as studied by the
Alternatives to Slash and Burn project, reveals that the negative trend in both functions
may in fact break apart on closer inspection (Fig. 1.4). In ASB benchmark sites in
Indonesia, Thailand, the Philippines, Cameroon, Brasil and Peru (Van Noordwijk et al.,
2001; Palm et al., 2004), we found land use practices such as ‘rubber agroforest’ that
maintain substantial levels of biodiversity as well as providing most of the ‘watershed
functions’, but we also found practices such as forms of coffee agroforestry that maintain
watershed functions without high levels of biodiversity.
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Figure 1.4.  A semi-informed perception of
the general trends in the three
classes of environmental service
functions B(iodiversity), C(arbon)
and W(atershed functions) during
progressive land use change,
taken relative to a forest baseline

Initial evidence of the consequences of spatial organization in the landscape (Van
Noordwijk et al., 1998; Ranieri et al., 2003) suggest that for some functions (e.g. low net
sediment losses) the location of protective elements in the landscape is crucially
important, while others (e.g. habitat for species that are not compatible with human
presence) depend primarily on large areas of undisturbed forest (Fig. 1.5).
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A substantial de-coupling of the biodiversity conservation and watershed functions at the
scale of plot-level and/or landscape-level land use has important consequences where
external stakeholders want to influence land use decisions, via a form of ‘reward
mechanism’ for actual environmental services (Fig. 1.6).

Figure 1.6. Outcomes of dynamic landscapes that can represent ‘environmental service
functions’ (ES) in the perception of external stakeholders depend on natural capital +
human actors

Both B and W vary dramatically across the globe (compare Activity 1 report) –
but most of this variation represents ‘inherent properties’ (such as rainfall and
biogeographic domain) that cannot be directly influenced (at least not at local scale).
Since the focus of this project is primarily on ‘sensitivity to land use change’, we need to
tease the ‘outcome’ apart into a component that reflects the background, due to factors
such as climate, geology and landform, from the parts that have probably changed
(usually in a negative direction) from historical natural vegetation (often a form of forest)
to the current type of land cover (often a mosaic of different land use types), and are
likely to undergo further change in the future as land use patterns and practices continue
to change.

1.2 Defining watershed functions and choosing indicators: ‘watershed functions’ as
co-determinants with rainfall of qualitative and quantitative aspects of river flow

While common definitions of ‘watershed functions’ embed rainfall, we prefer an
articulation that defines watershed functions given the rainfall that occurs at the spatial
and temporal scale of interest.

Thus, we separate watershed functions into the ‘permanent’ features of the
landscape, Wp, and those that are (potentially) under human influence (Wh).  The upland
– lowland land users debate should focus on Wh, but is often obscured by unrecognised
features of rainfall and Wp (Table 1.1). Scaling aspects of river discharge involve
understanding the scale relations of rainfall, the scaling of watershed functions and the
interactions between the two.

Using this approach, we will focus on four watershed functions that relate to the
quantity, timing and quality of river flows:
Ø W1: Water transmission (total water yield per unit rainfall)
Ø W2: Buffering (above average river discharge per unit above average rainfall)
Ø W3: Gradual release of stored water supporting dry-season flows
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Ø W4: Maintaining water quality (relative to that of rainfall)
and a further function that relates to integrity of the watershed area as such

Ø W5: Stability of slopes and absence of landslides

The simple description of elements of Wp and Wh that contribute to various functions
suggests that these 5 functions do not necessarily change in parallel in response to land
use and land cover change. They may also vary substantially between landscapes and
climatic conditions.

Table 1.1.   Defining watershed functions separate from rainfall and jointly determining the
features of river discharge = rainfall * (Wp + Wh)

 WAspect of
river flow

Rainfall
aspect Watershed

function
Wp, permanent
determinants in
landscape

Wh, features under
direct human influence

Total water
yield

Mean rainfall Water trans-
mission (total
water yield per
unit rainfall)

Solar radiation,
advective flows of
dry or wet air,
geological substrate
and aquifers

Fraction of evergreen
and  deciduous vege-
tation, fraction of bare
soil, water extractions

Peak flow
(flooding
risk)

Space-time
patterns of
rainfall

Buffering
(above average
river flow per
unit above
average rain-
fall)

Landform, slope,
soil depth,

Changes in surface soil
properties modifying
infiltration;
Changes in ‘channeling’
and rapid drainage

Dry-season
flow

Seasonality of
rainfall

Gradual release
of stored water

Landform,
geological substrate

Infiltration and (lack of)
vegetation access to
stored water

Water
quality
(incl.
sediment
load, suit-
ability as
drinking
water)

Space-time
patterns of
rainfall

Maintaining
water quality
(relative to that
of rainfall)

Riverbed, alluvial
deposits, soil stabi-
lization by natural
vegetation,
presence of
nutrients and pol-
lutants in the soil
profile

Changes in soil cover
modifying erosion and
filter functions;
Point sources of metal,
organic pollutants, pesti-
cides, nutrients;
Changes in riparian
buffer vegetation;
Changes in nutrient
balance;
Changes in water ba-
lance modifying salt
groundwater movement

Changes in
the river-
bed

Peak rainfall
events

Stability of
slopes and
absence of
landslides

Slope, mechanical
properties of soil
profile

Infiltration
Anchoring of topsoil to
subsoil through live or
still-intact tree roots
Road incisions to slopes
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In the remaining text we will (try to) refrain from a discussion of generic ‘watershed
functions’ by being specific about which function is involved. A specific issue for each of
these ‘functions’ is how it is affected by both temporal and spatial scales. Effects of local
land use change on the temporal dynamics of river discharge may ‘dissipate’ with
increasing distance. The ability of an observer to actually notice impacts of land use
change on river discharge may strongly depend on distance and scale.

Table 1.2.  Measurability of land use impacts by basin size (Kiersch and Tognetti, 2002) x =
Measurable impact; - = No measurable impact

Basin size (km2)Impact type
0.1 1 10 102 103 104 105

Thermal regime x x - - - - -
Pathogens x x x - - - -
Average discharge x x x x - - -
Peak discharge x x x x - - -
Base discharge x x x x - - -
Groundwater recharge x x x x - - -
Organic matter x x x x - - -
Sediment load x x x x - - -
Nutrients x x x x x - -
Salinity x x x x x x x
Pesticides x x x x x x x
Heavy metal x x x x x x x

The general expectation that impacts of land use change on ‘watershed functions’ can be
extrapolated from small-scale studies to large-scale reality has not been borne out in
summaries of empirical evidence (Table 1.2). Lack of ‘hard’ data for most watershed
functions beyond 10 km2 may be largely due to inadequacies in study design, but may
also reflect the importance of other ‘drivers’. One prime candidate for such ‘other driver’
status is spatial variability in rainfall. We will explore this explanation in detail.

1.3  Defining biodiversity conservation functions and choosing indicators for ‘inherent
richness’ and ‘impacts of land use change’

Similar to the manner in which we separated ‘watershed functions’ from rainfall, we can
try to separate inherent richness from ‘biodiversity conservation functions’ that
landscapes under the influence of people and changing land use exert on the survival and
possible recovery of biological diversity.

The main positive impact people can have is to cause a reduction (or absence) of
‘threat factors’, whereas there appears to be relatively small roles for ‘mitigation’ effects
such as restoration of landscape-level connectivity and ‘ex situ’ conservation. The main
threats to biodiversity are loss of habitat, negative effects at population level (disturbance
of reproductive cycles, over hunting, over harvesting, pesticide use and pollution) and the
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introduction of invasive species that can replace local species or eliminate them as a
predator or in a disease role.
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Figure 1.7. as figure 1.6 but specific to the ‘biodiversity and landscape beauty’ functions

Thus, the main options for providing ‘environmental service functions’ in the biodiversity
domain are:
Ø B1. Protecting the integrity of conservation areas by preventing loss of habitat and

threats at population level in the areas directly around core protection areas,
Ø B2. Providing habitat for a sub-set of the original fauna and flora inside agriculturally

used landscapes (this increases in relevance with the increasing loss of more natural
habitat; it will only allow the conservation of part of the original species pool – with
losers among the organisms that few people want to have in their backyard (tigers,
elephants) or as direct neighbours (e.g., pests), and those that can not tolerate people
as neighbours from their side),

Ø B3. Maintaining connectivity between protected areas via corridors,
Ø B4. Creating opportunities for local-level ‘restoration’, in landscapes where

connectivity is still maintained.
Ø B5. Various forms of ex situ conservation.
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Table 1.3.  Tentative ranking of the degree of overlap between the 5 aspects of watershed
functions (W1….W5) and the 5 aspects of biodiversity conservation (B1…B5), ranging
from weakly negative (-/0), via neutral (0), to weakly positive (+/0) and positive (+)

Protect Habitat Corridors Restore Ex Situ
B1 B2 B3 B4 B5

W1 - transmit -/0 0 0 -/0 0
W2 - buffer +/0 +/0 +/0 0 0
W3 - release 0 0 0 0 0
W4 - quality + 0 +/0 0 0
W5 - landslides +/0 0 +/0 +/0 0

Direct links between the 5 B and 5 W functions are likely to be weak (Table 1.3). Some
interventions in a landscape, such as connectivity of vegetation along riparian corridors
may favour both biodiversity conservation and watershed functions in a landscape. Other
interventions may favour or harm one of the functions more strongly than the other.

The scale relationships of biodiversity and watershed functions differ essentially;
global biodiversity conservation starts with what is globally unique and proceeds to
identify ‘hot spots’ where local conservation will be of high global significance.
Watershed functions are very clear at the local scale where people depend directly on
surface and groundwater for drinking water and domestic use, as well as to provide water
to their crops. Technically, watershed functions can best be understood by aggregation of
the impacts of rainfall on the water-balance.

Figure 1.8. Scale relations of the ‘biodiversity’ and ‘watershed function’ agenda’s and their
meeting point at the landscape scale
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An important difference between biodiversity and watershed functions is thus (Fig. 1.8)
that for biodiversity functions a ‘top down’ approach that starts at global diversity is
appropriate, while for watershed functions a ‘bottom up’ that starts with a single drop of
rainfall and its subsequent fate in moving through a catchment and river area is
appropriate. An intermediate scale of landscape organization may in fact be the main
scale where the B and W issues overlap Initial analysis suggests that biodiversity may be
best served by a spatial ‘segregation’, while watershed functions may be better served
under an ‘integrate’ scenario. There is, however, considerable scope for avoiding a
negative trade-off between the two functions, if specific attention is given to riparian
zone vegetation that is relevant for both the B and W perspective.

In terms of the degree of overlap of ‘biodiversity’ and ‘watershed function’ issues,
we may tentatively conclude that there is only a very partial overlap. Therefore, a deeper
exploration is warranted into the relationship between land use intensification and W
functions, thus complementing earlier analyses by the ASB project of the relationship
between land use intensification and B functions. We focus this analysis on benchmark
areas of the ASB project in Sumatra and N Thailand, and base it on a set of generic
hypotheses and research questions.

1.4 Hypotheses

Two complementary sets of hypotheses about processes occurring during intensification
of land use address relationships between biodiversity and watershed functions generally,
as well as properties that determine watershed functions of landscapes undergoing
transition.

1.4.1 Hypotheses regarding biodiversity and watershed functions during1.4.1 Hypotheses regarding biodiversity and watershed functions during
intensification of land useintensification of land use
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Figure 1.9. Four hypotheses regarding
land use change and coincidence
of watershed and biodiversity
functions

0. (biodiversity conservation and watershed protection issues only coincide when
viewed from a substantial distance)…. Differences in the thresholds
involved in the relations between land use intensity, biodiversity
conservation and the various watershed functions make it unlikely that
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local interests in watershed functions will be sufficient to achieve
biodiversity conservation

1. (some human use of forest lands can be OK for both functions) … Initial
stages of land use intensification allow both watershed protection and
biodiversity conservation functions to be maintained at levels close to that
of natural forest

2. (beyond the biodiversity threshold)…  Substantial further intensification is
feasible without major negative impacts on any of the watershed
protection functions through forms of agroforestry, but with major losses
to biodiversity value

3. (beyond the watershed function threshold)… Further (attempts at) land use
intensification will negatively affect most watershed functions, leading to
land covers that represent low values for both functions

4. (recovery of watershed functions but less so for biodiversity values)…
Starting from landscapes in which both watershed functions and
biodiversity values are highly degraded, opportunities for rehabilitation
of most watershed functions exceed those for recovery of biodiversity
values

1.4.2 Hypotheses regarding determinants of watershed functions during1.4.2 Hypotheses regarding determinants of watershed functions during
intensification of land useintensification of land use

5.  Total water yield from catchments primarily depends on a) rainfall, b) the
fraction of rainfall used in evaporation of canopy-intercepted water, c)
the amounts transpired by ‘evergreen’ and ‘deciduous’ natural or
managed vegetation and d) the extractions for water use elsewhere

6.  The ratio of peak and base flows primarily depend on a) properties of
terrain and soil profile and b) land-use related changes in plot-level soil
(surface) structure and c) landscape-level drainage structure, and can
thus operate independent of changes in total water yield

7.   Temporal dynamics of high and low flows of rivers are influenced by
spatial scale through a) the space-time characteristics of rainfall, b) the
land-use related speed of delivery to streams and c) the (riparian-zone
related) transport properties of the river system; the direct influence of
land use change on stream discharge strongly decreases with distance
along the stream

8.   Spatial organization of a landscape, at given fractions of land cover types,
has a strong influence on net sediment loads of streams and rivers but less
so on total water yield or peak flows
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9.   Local hazard to people living in a (sub)catchment due to changes in
watershed functions in response to land use changes are primarily linked
to a) peak discharge after peak rainfall events, b) low dry season flows, c)
landslides and d) changes in water quality (sediment load, pollutants,
nutrients)

10. Far field effects on people living downstream are primarily linked to
changes in a) total and seasonal water yield in relation to the transport
capacity of the river network and the probability of bank overflow at
critical locations, and b) the storage capacity (in lakes, reservoirs,
floodplains) of the river network.   

1.5 Specific questions for BNPP-ASB-FVOB Activity 2

Tests of these two sets of hypotheses will enable us to address five major questions that
are key to achieving the goals set for Activity 2 of the BNPP-ASB-FVB project.

1) What is the quantitative impact on the range of ‘watershed function’ and
‘biodiversity conservation’ indicators at plot, landscape, subcatchment and
catchment scale of the historical land use change between ‘natural vegetation’ and
‘current land use pattern’? (Testing hypotheses 1-3)

2) How do the impacts of land use change on watershed functions and biodiversity
vary with spatial scale (Testing hypotheses 5,6 and 7)

3) What degradation/recovery of watershed functions and biodiversity can be
expected for a number of ‘plausible’ land use change scenario’s? (Testing
hypotheses 4)

4) Does landscape pattern (given land use cover data) matter for the functions
generated (i.e. is ‘spatial planning’ a relevant part of the answer)? (Testing
hypotheses 8)

5) Which interventions are likely to reduce ‘local hazard’ (Testing hypotheses 9, 6, 7
and 8) and ‘far field effects’ (Testing hypotheses 10 and 5) on watershed
functions? Are these interventions relevant for biodiversity conservation?

Goals phrased for Activity 2Goals phrased for Activity 2

Goal a. Use process-based hydrological models to assess the impacts of land cover
changes on hydrological effects such as water flow and water quality at the micro
(watershed) and meso (river basin) scale, and characterize the areas that cause and
experience impacts according to population, biodiversity, and poverty (to the extent
possible);

Goal b. Explore the complementarity and consistency of hydrological models with
different ranges of scale and differing emphases in the representation of physical processes

Goal c. To the extent feasible, formulate guidelines or generalizations on the impact of
biodiversity-relevant land use changes on hydrological processes such as sedimentation
and landslides, as a function of watershed scale, land cover/land use, climate, and
topography.
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Figure 1.10. Rationale for the comparison of the Mae Chaem and Sumberjaya watersheds in
Southeast Asia: both rivers have an (almost) similar discharge, but the watersheds differ
markedly in population density and deforestation (land use change) history; historical
rainfall and river discharge records exist for both areas, while intensive studies of
historical land use change have been made in the context of the Alternatives to Slash
and Burn programme in Thailand and Indonesia, respectively.

1.6 Four steps for meso (& micro) scale models to clarify land use change effects on
watershed functions

Step 1. Which watershed functions are relevant for which stakeholders in whatStep 1. Which watershed functions are relevant for which stakeholders in what
contextcontext

The first step in any site specific assessment of watershed functions is to analyze which
aspects of river flow are of direct relevance to the various groups of stakeholders that
currently exist or might emerge in the future.

Total water yield (the transmit function) usually has many stakeholders, especially where
demand for water exceeds the supply, outside the humid tropics. The ability to use water
whenever it flows during the year does generally depend on storage in natural lakes or
man-made reservoirs.

The buffering function that leads to low peak flows after high rainfall events is
particularly relevant for people living in flood plains (as several capital cities in SE Asia
do) or river beds. Where the floodplains and wetlands along the river do, in their natural
state, contribute to the buffering of river discharge for observers that live downstream,
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bank overflow conditions in these areas may not always be welcome by local
stakeholders; their efforts to ‘control flooding’ may transfer the flooding risks
downstream. Where peak flows are the immediate concern we thus usually deal with
complex cause-effect relationships that involve various scales and actors.

Releasing water gradually is important for all people and other organisms that depend on
stream flow outside of the rainy season. The specific pathways followed by water that
infiltrates into the subsoil are highly dependent on geological substrate and soil forming
processes. These pathways are, however, only influenced by land use after major
technical interventions such as deep drainage or creations of obstructions to drainage. The
amount of water feeding into the various slow flows is, however, influenced by land
cover and use (Smakhtin, 2001). Lakes and man-made reservoirs in the river can partially
replace this function of the upper watersheds.

Water quality has many stakeholders, using different thresholds according to their use of
water as drinking water, for other domestic use, irrigation, industrial use or as habitat for
fish and other aquatic organisms. Changes in water quality can be understood from point
sources of pollution, changes in the overall nutrient balance and changes in the ‘filter
functions’ that elements in the landscape such as riparian vegetation tend to perform.
Residence time for pollutants in subsurface flows can be considerable and unraveling the
cause-effect relationships at any site can be a considerable challenge. Water quality can
be directly influenced by changes in quantities of river discharge, especially where
sediment load is concerned. River bank erosion during peak flows can add substantially
to the sediment load, while periods of bank over flow can lead to sedimentation.
Sedimentation into lakes and man-made reservoirs as a consequence of low flow rates
leads to a reduction of reservoir volume.

Integrity of soils and absence of mass wasting has stakeholders downstream (as
mudflows can be particularly damaging to people living in river beds and lead to
substantial sediment inputs into reservoirs and lakes), as well as affecting the productive
potential of the catchment area and the stakeholders associated with that function.



24

Step 2 How do the various watershed functions relate to ‘land use and land cover’Step 2 How do the various watershed functions relate to ‘land use and land cover’
on the basis of the various terms of the water balance (see Phase 1 report)on the basis of the various terms of the water balance (see Phase 1 report)

Figure 1.11. Terms of the water balance of a forest that can be modified during forest conversion
and subsequent land use change; three main aspects of forests in this respect are the
‘trees’ that dominate aboveground interception, the ‘soil’ structure that regulates
infiltration and the ‘landscape-level drainage’ that depends on presence/ absence of
channels (including paths and roads), internal storage and filter zones
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Step 3 Step 3 How are the various terms in the water balance reflected in the analyticalHow are the various terms in the water balance reflected in the analytical
toolstools

The behaviour of rivers and the relation of such behaviour to land use and land cover can
be studied using either a ‘spatial pattern’ approach (a common starting point in
geographical studies) or a ‘process’ perspective (an approach commonly used in physical
hydrology). When the two approaches are applied to one particular situation (e.g. the
evergreen forests found at higher elevations in northern Thailand), apparently
contradictory statements may arise (Table1.4).

The contradiction apparent between the two statements given in Table 1.4 can be
resolved by realizing that, as in Thailand, evergreen forest tends to occur in locations
where rainfall is highest. The real question, then, is whether this higher level of rainfall is
the cause or the effect of the presence of evergreen forest. If either model is used to
predict the impacts of land-use change on watershed functions, uncertainty with regard to
the causes and effects of rainfall plays a key role.

Remnants of the ‘spatial pattern’ approach still exist in public perceptions;
however, the theory of river discharge that dominates current scientific thinking is based
on our understanding of ‘hydrological processes’. The validity of many of the
hydrological-process models appears to be constrained, however, by incomplete data on
rainfall, due to spatially inadequate sampling schemes resulting from, for example, too
few rainfall gauges and a bias towards easily accessible locations.

Table 1.4. Some characteristics of two ‘modelling approaches’ applied to the relationships
between land cover and watershed functions (Joshi et al., 2004)

Starting point Spatial patterns Hydrologic (water balance,
processes)

General
characteristics

• Approach starts with existing land
cover and river discharge
properties, as they vary across space

• Correlations are analysed and used
for extrapolation

• Models can be based on data
obtained at different scales, and can
apply to various map resolutions

• Approach starts with rainfall
and traces water, through
various pathways, to
evapotranspiration or delivery to
oceans

• Land-use change is taken into
account, as it can affect
interception, infiltration and
evapotranspiration (seasonality)

• Models can be strongly
spatially disaggregated,
‘lumped’ or ‘parsimonious’

Typical
statement

’Evergreen forest is associated with
highest water yields….’

’Evergreen forest uses more
water and allows less rainfall to
reach associated streams than
other land-use types....'
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All models considered here follow a basic ‘water balance’ logic:

Rainfall => Interception evaporation + (Infiltration + Runoff)

Infiltration => Vegetation water use + Baseflow

Runoff + Baseflow are routed through a stream network

Effects of land used change (‘deforestation’) on increase in total water yield are,
relatively speaking, the highest in climate zone with the lowest annual rainfall. For annual
rainfall amounts of over 2500 mm year-1 the relative change in total water yield is likely
to be less than 25% and thus within the likely inter-annual variability making it difficult
to observe unless long time-series are available.

Table 1.5.  Order of magnitude estimate of the effect of land use change on total water yield

Annual
rainfall,
mm year-1

Typical water
use of natural
vegetation,
mm year-1

Total water
yield,
mm year-1

Range of
differences in
vegetation
water use,
mm year-1

Relative
impact of land
use change on
total water
yield, %

500 400 100 -200 – 0 0 – 200
1000 800 200 -300 – 0 0 – 150
1500 1100 400 -300 – 0 0 – 75
2000 1150 850 -300 – 0 0 -   35
2500 1200 1300 -300 – 0 0 -   23
3000 1250 1750 -300 – 0 0 -   17
3500 12001 2300 -300 – 0 0 -   13

1. A reduction in evapotranspiration is expected at high rainfall due to increased
cloud cover and thus reduced energy supply

While an increase in annual water yield can be positive from a downstream water use
perspective, especially if the flow can be temporarily stored in reservoirs in the river, the
general fear is that this increased discharge will largely be in the form of ‘peak flow’,
directly after heavy rainstorms, while the ‘base flow’ that is, per m3 of river discharge, of
much higher potential value downstream may be reduced. To get this effect of land use
change correctly predicted, we have to focus on the way ‘infiltration process’ is
described in the various models available.

The models directly accessible to project partners (which will be described in
more detail in chapter 2) differ in the time steps: yearly for Fallow, monthly (with daily
approximation) for WBM, daily for VIC, WaNuLCAS and GenRiver, 4-hourly for
DHSVM (further descriptions of these models and the underlying assumptions are
provided in chapter 2).
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The models directly accessible to project partners also differ in the spatial
resolution, but appear to handle ‘interception’ and ‘evapotranspiration’ issues in a similar
way, driven by the energy balance (potential evapotranspiration).

The ‘infiltration versus runoff’ partitioning is handled with different degrees of
sophistication. All models keep track of current soil water content and the soil recharge
capacity that is stimulated by antecedent water use. Some of the models also include
options for surface infiltration as a rate-limiting process (but to do so they need rainfall
intensity at less-than-daily time scale) and the potential for subsurface of vertical outflow
during the rainfall event. Some of the models distinguish ‘soil quick flow’ (water that can
infiltrate to soil saturation but not stored at field capacity) as intermediate term between
direct runoff and the recharge of the pool that feeds base flow.

In predicting the quantities and timing of river flow, models
1. will normally include rainfall, energy balance (potential evapotranspiration), soil

storage capacity and landscape (routing times in the stream network) properties,
2. they normally also include properties of the land cover (derived from remote

sensing or otherwise) with respect to rainfall interception and actual
evapotranspiration as a function of soil water storage, and thus respond to changes
in area fractions of different land cover types,

3. some may include influences of land cover on the infiltration capacity, and require
data on rainfall intensity to predict surface runoff on sloping lands, and thus
include effects of land use change on the peakflow/ baseflow ratio,

4. some may explicitly include overland flows, the entrainment of soil particles into
this flow, and the sedimentation of soil particles in ‘filter’ zones, thus becoming
sensitive to the spatial organization of the landscape,

5. a few will actually treat the change in soil properties affecting infiltration as a
dynamic process (rather than instantaneous change), and thus become sensitive to
the time course of land use change, rather than just the final outcome in  terms of
area fractions of different land cover types.

The models to be used in the BNPP project belong to different categories in terms of time
course of changes in soil properties affecting infiltration. All models will be used for a
comparison of ‘natural vegetation’ (baseline) versus ‘current land use pattern’, with
current climate. A specific effort will be made to derive location-specific scenarios of
plausible land use change, that will be evaluated for its bearing on hydrological functions.
Further scenario development is described under activity c.

The ways river networks are represented (routing time, modification of pulse)
vary. The essential characteristics are the delay in time of delivery of water to any point
of observation and the change in shape of any ‘pulse’ that arrives in the stream.
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Table 1.6.  Classification of the hydrological models to be used in the BNPP project, according to
5 levels of complexity1

Model WBM VIC DHSVM Genriver Fallow WaNuLCAS
Time step Month Day 4 hours Day (+

rainfall
intensity)

Year Day (+
rainfall
intensity)

Scale 10-50
km

1 km 30 m 100 m (?) 100 m 1 m

Level 1 X X X X X X
          2 X X X X X X
          3 X X X X
          4 Under

development
X X

          5 X X
Biodiversity
indicators

X

Land
productivity

X X

1. spatially explicit rainfall, soil storage, potential evapotranspiration and routing
2. vegetation-dependent water use, with ‘antecedent water use’ effect on infiltration
3. land cover dependent  surface infiltration capacity of the soil
4. overland flows of sediment, sensitivity to spatial organization of the landscape
5. dynamic changes in soil structure in response to land cover
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Figure 1.12. Integration of river discharge over a network of streams that show peaks in
discharge in response to spatially heterogeneous (‘patchy’) rainfall can lead to ‘buffering’
of the discharge (relative to station-level rainfall records) and provides a scale-dependent
equivalent to the ‘sponge’ effect that depends on infiltration into a large buffer stock

Explicit integration over larger areas when considering the scaling rules of river
discharge may require that models carefully consider the degree of space-time correlation
of rainfall (compare Fig. 1.12 and 1.13). Patchiness of rainfall may lead to a ‘buffering’
of river discharge when compared to station-level rainfall records.



30

Figure 1.13. Comparison of the exceedance probability of rainfall, evapotranspiration, stream and
river discharge (the area to the left of both of the latter equals the area to the left of
rainfall minus the area to the left of the evapotranspiration curve when changes in
storage are negligible); the shapes of the curves for (point-level) rainfall, stream flow and
river flow indicate an increase in ‘buffering’; the right panels indicate that depending on
the degree of ‘patchiness’ of rainfall, the amount of incoming water per day can change
from a single observation point top a sub-catchment and catchment in a way that
resembles the ‘buffering’ shown in the left panel

Table 1.7.  Policy-relevant aspects of land use change on watershed functions

Site-specific
properties

Land use change
effects on change in
W-function

Models

Annual water yield *** *** All
Dry season river flow *(*) ** All
Flooding risk ** (transport

capacity in river
network <>
discharge)

* (engineering
interventions not
fully represented)

VIC, DHSVM
(WBM at
monthly scale)

Landslide risk &
flashfloods

** (slope, rainfall) (*) – time since
forest conversion

DHSVM
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Step 4. How do the models separate ‘inherent properties of sites’, ‘effects of landStep 4. How do the models separate ‘inherent properties of sites’, ‘effects of land
cover’ and ‘impacts of land use change’?cover’ and ‘impacts of land use change’?

The final decision on which model applications to develop was based on a ranking of the
relative uncertainty in the major contributing factors for site-specific watershed functions
under the influence of land use change.

Table 1.8.  Assessment by project staff of the reliability (the more **’s the better) of location-
specific simulation of the various terms of the water balance and the relevance of land
use change, spatial pattern of land use practices in the landscape and the time course of
land use change (via the recent history) for correct predictions, as well as the options for
intervening (and/or correcting) at ‘engineering’ level

Reliability
of
location-
specific
simulation

Relevance
of land use
change

Relevance of
land use
spatial
pattern

Relevance
of recent
land use
history

Engineering
options

Rainfall *(*)1 - - - (*)
Vegetation
water use

*** ** (*) -

Total water
yield

** ** - - -

Surface run-
off/quickflow

* * * * -

Infiltration/
baseflow

* * * * -

Stream network **** - - - **
1. Rainfall appears to be adequately known for ‘coarse’ models, but the total input to
catchments tends to be underrepresented by non-representative rainfall station locations
and high spatial variability of rain; high-resolution models are restricted by ability to
generate/obtain spatially explicit rainfall data
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1.7 Criteria and quantitative indicators of watershed (hydrological) functions

Based on the preceding analysis, we developed a set of 5 criteria for ‘watershed
functions’, and a set of quantitative criteria for the first three of these. The criteria focus
on ‘watershed functions’ as modifiable by land cover and land use, given the site
characteristics and rainfall pattern that is not likely to respond.

Figure 1.14. Five criteria for watershed functions that relate site characteristics to aspects of river
discharge that are relevant to specific groups of downstream stakeholders

The criteria can be directly linked to a quantitative understanding of the way the
precipitation P is partitioned over river discharge Q and evapotranspiration E in the water
balance:

Fig. 1.15. Schematic representation of the partitioning of precipitation in its passage through the
canopy, when it reaches the soil surface and after infiltration into the soil
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Figure 1.16. Five controls exerted by land cover and land use on the partitioning of precipitation
over river discharge and evapotranspiration

Functions/Criteria Main indicator

Figure 1.17. Indicators for the five criteria, acknowledging that quantitative properties of river
discharge change along the river course leading to ‘scale dependence’ of 3 out of the 5
indicators
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Table 1.9 Criteria and indicators relating to quantity and timing of river discharge

Criterion Indicator Dimension Variants
1. Trans-
mit water

1.1 Total water yield (discharge) per unit
rainfall

      TWY = ΣQ/(A * ΣP)=1-(ΣE/ΣP)
Q = river discharge
P = rainfall
A = area
E = evapotranspiration

[-] a) Accumulation
over specified
length of obser-
vation period
b) mean of
annually
calculated values

2. Buffer
peak rain
events

2.1 Buffering indicator for peak flows given
peak rain events
BI  = (PabAvg–(QabAvg /A))/ PabAvg

         = 1 – QabAvg / (A PabAvg)
with
PabAvg = Σ max(P-Pmean,0)
QabAvg = Σ max(Q-Qmean,0)

2.2 Relative buffering indicator, adjusted for
relative water yield
RBI = 1 – (Pmean / Qmean)*(QabAvg / PabAvg)

2.3 Buffering peak event
1-Max(daily_Q-Qmean) /(A*Max(daily_P–Pmean))

2.4 Highest of monthly river discharge totals
relative to mean monthly rainfall

2.5 Fraction of total river discharge derived
from overland flow (same day as rain event)

2.6 Fraction of total river discharge derived
from soil quick flow (1 day after rain event)

[-]

[-]

[-]

[-]

[-]

[-]

a) Maximum
during  specified
length of
observation
period
b) mean of
annually
calculated values
of maximum or
mean (shift from
calendar to
hydrological
year?)

3. Release
gradually

3.1 Fraction of discharge derived from slow
flow (> 1 day after rain event)

ΣQslow/(ΣQ) = (ΣPinfiltr – ΣES+V)/ ΣQ with
Pinfiltr = amount of rainfall infiltrated into
the soil
ES+V = evaporation from soil surface an d
transpiration by plants

3.2 Lowest of monthly river discharge totals
relative to mean monthly rainfall

[-]

[-]
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2.  Materials  and methods2.  Materials  and methods
2.1 Case study sites: available data sets
2.1.1 Southeast Asia2.1.1 Southeast Asia

Southeast Asia and neighbouring parts of South and East Asia contain a major part of the
world population, living in some of the worlds’ highest population densities. Yet as a
region it still contains area of closed forest, as well as many land cover types that are
intermediate between closed forest and open-field agriculture or urban domains. Insular
southeast Asia has probably the worlds’ highest rate of land-ocean transfer of sediment
per unit land area (Milliman et al. 1999). Thus the region as a whole offers many
opportunities to explore the interactions between forest conversion, intensification of land
use, biodiversity conservation (from local, national and/or international perspectives), and
watershed functions that matter for people at a range of distances from the land units
involved in the change (Fig. 2.1).

Figure 2.1. Statistics compiled by the Forest Resource Assessment (FRA) 2000 for 1990 – 2000
for countries in South, Southeast and East Asia show annual rates of change in forest
cover that range from –1.8% year-1 for Nepal to + 1.3% for Bangladesh. Most people
(inset to the left) live in the major ‘rice bowls’ or lowland areas, while most of the
remaining forest is in the uplands. The policy discussions on ‘watershed functions’ focus
on this dichotomy, with capital cities and political power generally in the lowlands

At the start of the new millennium, the East Asia plus Pacific region contained 1 836 M
people (just over one-third of all the inhabitants of developing countries), of which 62%
(1 124 M people) directly involved in agriculture; 278 M people (15% of total regional
population live in extreme poverty, with daily incomes less than 1 US$ day-1; a quarter of
the ‘extremely poor’ live in China; about 240 M people (13% of total population) are
under nourished; rural poverty ranges from 4.6% in China to 57.2% in Vietnam (Dixon et
al., 2001).
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Fig. 2.2. Major farming systems in East Asia and Pacific (source: ‘Farming Systems and Poverty:
improving farmers’ livelihoods in a changing world’ by John Dixon, Aidan Gulliver and
David Gibbon, 2001; FAO and World Bank)

The distribution of the rural population is very uneven: the lowland rice farming system
maintains on average 240 persons km-2, the intensive upland mosaics 100 persons km-2,
the tree crop systems 35 persons km-2 and the sparsely populated forest systems <15
persons km-2.

Farming systems
1 = Lowland rice
2= Tree crops
3= Root & tuber
4= Upland intensive mixed
5= Highland mixed
7= Pastoral
8= Forest
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Table  2.1.  Major farming systems in East Asia and Pacific (source: ‘Farming Systems and
Poverty: improving farmers’ livelihoods in a changing world’ by John Dixon, Aidan Gulliver
and David Gibbon, 2001; FAO and World Bank); NB the data on area and population size
include all of China and the Koreas

Farming
system

Areal
extent
(% of land
area in
region)

Rural
population,
population
density
(% of total)

Principal livelihoods Prevalen
ce of
poverty

1. Lowland rice  197 M ha
(12 %)

474 M
241 km-2

(42 %)

Rice, maize, pulses,
sugarcane, oil seeds,
vegetables, livestock,
aquaculture, off-farm
work

Moderate

4. Upland
intensive mixed
(incl. major
areas outside of
the tropics)

314 M ha
(19 %)

310 M
99 km-2

(27 %)

Rice, pulses, maize,
sugar cane, oil seeds,
fruits, vegetables,
livestock, off-farm work

Extensive

5. Highland
extensive mixed

89 M ha
(5 %)

47 M
53 km-2

(4 %)

Upland rice, pulses,
maize, oil seeds, fruits,
forest products,
livestock, off-farm work

Moderate

2. Tree crop
mixed

85 M Ha
(5 %)

30 M
35 km-2

(3 %)

Rubber, oil palm,
coconuts, coffee, tea,
cocoa, spices, rice,
livestock, off-farm work

Moderate

8. Sparse
(forest)

172 M ha
(10 %)

23 M
13 km-2

(1 %)

Hunting, gathering, off-
farm work

Moderate

3. Root – tuber
(PNG)

25 M ha
(2 %)

1.5 M
6 km-2

(< 1%)

Root crops (yam, taro,
sweet potato), vegetable,
fruits, livestock, off-
farm work

Limited

Others  (mostly
non-tropical
China)
6. Temperate
mixed
7. Pastoral
9. Sparse (dry)

6 %

20 %
20 %

14

4
2

Moderate

Extensive
Extensive
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Figure 2.3. A…D Land cover1, elevation2, annual rainfall3, population density4 for southeast Asia
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Potential evapotranspiration, mm year-1

1. Land Cover: Forest Cover Map of Insular Southeast Asia at 1 : 5,500,000, derived from SPOT-
Vegetation satellite images. Tropical Ecosystem Environment Observation by Satellites
(TREES).

2. Elevation: The GTOPO30 Global 30 Arc Second Elevation Data Set.
 http://edcwww.cr.usgs.gov/landdaac/gtopo30/gtopo30.html
3. Population: GIS data sets reflecting population counts and administrative unit boundaries have

been integrated from a variety of national sources and harmonized by Uwe Deichmann and the
Center for International Earth Science Information Network (CIESIN), Columbia University and
World Resources Institute, "Gridded Population of the World: CD-ROM provisional release of
updated database of 1990 and 1995 estimates," Palisades, NY and Washington, DC:
November 22, 1999.

4. Annual Rainfall ArcAtlas : Our Earth Environmental Systems Research Institute (ESRI)

Figure 2.3 E Potential evapotranspiration5 for southeast Asia

5. UNEP/GRID Dataset GNV183. Monthly Potential and Actual Evapotranspiration and
Water Balance. The data set covers the whole world at a resolution of 30 min
(approximately 55 km) and is representative of a time period extending from,
approximately, 1920 to 1980. This compilation was published in 1994 by C.H. Ahn and R.
Tateishi. Monthly Potential Evapotranspiration was estimated applying the Priestley-
Taylor formula to the following global datasets provided by US EPA (Global Ecosystems
Database) and UNEP/GRID Geneva:
- Edwards Global Gridded Elevation and Bathymetry (ETOPO5)
- IIASA Mean Monthly Cloudiness: LCCLD01 - LCCLD12.
- Matthews Seasonal Albedo: MALBFA - MALBWN, from which monthly values were

interpolated.
- Legates and Willmott Monthly Average Surface Air Temperature and Precipitation

(re-gridded): LCWPR01-LCWPR12, LWTMP01- LWTMP12.
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Mean Epot in mm day-1 per month Jan Feb Mar Apr May Jun Jul Agt Sep Oct Nov Dec
Sumber Jaya (Lampung, Sumatra,
Indonesia) 5.0 5.3 5.5 5.4 4.8 4.5 4.6 5.2 5.7 5.8 5.5 5.2
Mae Chaem (northern Thailand) 3.4 4.3 5.3 5.9 5.7 4.9 4.6 4.4 4.4 4.3 3.7 3.1

Most of mainland Southeast Asia has annual rainfall less than 1.7 m year-1 and a
potential evapotranspiration of 1.2-1.8 m year-1 (4 – 5 mm day-1) that approximately
matches rainfall. Since river discharge is directly linked to the degree that actual
evapotranspiration falls short of potential evapotranspiration, in these situations relatively
small changes in water use between different types of vegetation or land use can have
relatively large impacts on total river discharge. In order for vegetation to approach
meeting the potential evapotranspiration, considerable storage of water from the rainy
into the dry season is needed; substantial areas of deciduous and mixed deciduous natural
forest reflect adaptation to areas where such storage is inadequate.

Thus, man-made reservoirs of impounded river water, built to provide irrigation
water for the dry season, as well as year-round hydro-electricity, are a major feature of
the hydrological landscape. Indeed, a resulting distinction between areas above and areas
below a reservoir may be more informative than the more common ‘upland’ – ‘lowland’
split.

In most of insular Southeast Asia, both potential evapotranspiration and rainfall
are higher than on the mainland, but rainfall (with large areas between 1.7 and 3.4 m
year-1) generally exceeds potential evapotranspiration (1.5 - 2.1 m year-1 or 5 – 6 mm day-

1). This, together with a larger number of wet months, results in conditions where
vegetation can more easily meet the potential evapotranspiration based on storage of
water between rain events. Under these conditions, changes in vegetation and land cover
are likely to have a relatively small impact on total water yield of the rivers, but may
affect the timing of river flow during the year.

Both rainfall and potential evapotranspiration show considerable short-range
variation within the broad patterns depicted in Figure 2.3, which are mostly linked to
elevation and orographic effects for rainfall, and coastal zone wind for the potential
evapotranspiration.

In view of this contrast between the general climatic conditions found in mainland
and insular Southeast Asia, we decided to compare the impacts of land use change on
watershed functions in both of these domains, as both have a wide range of population
densities.

2.1.2 Mainland Southeast Asia – Mekong2.1.2 Mainland Southeast Asia – Mekong

In most of mainland Southeast Asia rivers have played a less dominant role in transport
that is typical in the more humid part of the tropics, at least beyond important rice
producing areas in major lowland zones and large valleys.  And, since historically most
major empires centered on lowland areas rather than larger river basins as a whole,
political boundaries of national states established during the colonial era only partially
coincide with the natural boundaries of watersheds (Fig. 2.4).
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Figure 2.4.  National boundaries in mainland southeast Asia do not generally coincide with the
natural boundaries of watersheds

Figure 2.5. Mainland Southeast Asia contains (left) three large trans-national rivers (Salween,
Mekong and Yangtze) that start with icepack in the Himalaya, (middle) four medium-
sized river systems (Irrawaddy, Chao Phraya, Song Hong (Red River) and Pearl river)
and (right) a large number of small, mostly coastal zone rivers that stay within national
and often provincial borders

The river basins of mainland Southeast Asia have been grouped into three size categories
(Thomas, 2003), as depicted in Fig. 2.5:
Ø large cross-national rivers, that originate in the snow pack of the Himalayas,
Ø medium-sized basins that originate in ‘montane mainland Southeast Asia’ above 300

m a.s.l. (some are contained within a single nation, such as the Chao Phraya in
Thailand, others such as the Red River cross national boundaries)

Ø small basins that may be contained within a single (coastal) province.
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Figure 2.6. Population density in mainland southeast Asia

For this study we focus on one of the large basins (the Mekong) and one of the middle-
sized basins (the Chao Phraya of Thailand), which have roughly similar population
densities in their lowland zones.

As explored by Thomas (2003), an elevation of 300 m a.s.l. allows for a simple
definition of ‘upland and montane’ versus ‘lowland’ zones. The dominant land cover and
population density differs markedly between these two zones (Fig. 2.7). The upland and
montane zone typically has either dense forest or mixed agroforestry landscapes, with
major cropland areas at this elevation only in the Red and Pearl river basins of China
where population pressures are relatively higher. The lowlands are characterized by
paddy rice fields upland crop land, and mixed agroforestry landscapes, but have very
little closed forest left.
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Figure 2.7. Coarse classification of land use in the lowland zones (below 300 m a.s.l.) (left) and
the upland and montane zones (right), based on reclassification of University of Maryland
land cover data.

Figure 2.8. Various remote-sensing based classification systems of land cover (left Modis 2000;
right reclassified data of the University of Maryland study) distinguish the degree of
overall tree cover or dissect the landscape into ‘cropland’, ‘forest’ and intermediate
(‘agroforestry’) categories.

Dense
forest

Crop
land

Mixed
AF
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2.1.3 Thailand – 2.1.3 Thailand – Chao Chao Phraya – Ping – Mae Phraya – Ping – Mae Chaem - Mae Chaem - Mae RaekRaek

Figure 2.9.  Nesting of study watersheds in mainland Southeast Asia

Figure 2.10 In the last 40 years
of the 20’th century
forest cover in Thailand
halved from close to
60% in 1960 to 25% in
2000, while the human
population steadily
increased. The end of
logging concessions did
not stop loss of forest
cover, but is associated
with a break in the trend

Most of the remaining closed forest in  Thailand is inside ‘protected areas’. While in
northern Thailand there is still considerable forest cover outside of these areas, most is
still under reserved forest status, many of such areas are targeted to be brought into
protected area status on the basis of their high (perceived) biodiversity value. Since most
remaining forest is located on mountain ridges, arguments to bring them into protected
area status are augmented by their perceived contribution to maintenance of watershed
services.
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Since most remaining forest areas are in mountain zones of mainland Southeast Asia, it
should not be surprising that protected area conservation programs also have their
greatest impact in the montane zones. Fig. 2.11 overlays protected areas (red) currently
registered at the international level with land use in lowland and mountain zones of river
basins in the region. The total number and extent of protected areas is greater than this
and still expanding. In the past, these areas have frequently been declared and demarcated
by central governments with little or no consultation or concern about local communities
living within the areas targeted, many of which have subsequently either been relocated
or placed in a highly restricted “enclave” status. While there are indications that such
processes are now including more consideration of and consultation with local
communities, protected area expansion is clearly a major element of land use issues.
Thus, one major set of issues in the region relates to how much expansion at what
locations is necessary for what types of biodiversity protection, and what forms of
resource use are allowable for what components of the population.

Furthermore, there is a range of additional state forest and conservation policies
that have their greatest impact in MMSEA zones. Large additional areas in some
countries have been assigned other types of reserved status for various purposes, such as
for timber production. Most countries also have or are establishing watershed
classification systems that seek to place further restrictions on land use in upper river
basins, with the objective of maintaining watershed services for downstream populations.
All of these efforts are indicative of a trend across the region toward increased
delineation of zones for different types of land use, established by governmental systems

Figure 2.11. Remaining forest cover in
Thailand and protected areas
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of decision-making that are politically dominated by majority lowland societies. Perhaps
not surprisingly, one of the overarching issues associated with conservation programs
follows from the fact that it has been very difficult for lowland societies to recognize
traditional practices that use forest regeneration to restore fertility (swidden cultivation)
as a legitimate form of agriculture. Lowland views have also been reinforced by
“experts” from international organizations and “development” agencies. Thus, land
tenure, land allocation, and competing demands for land for timber production and
protected conservation area expansion continue to be major issues across the region.

2.1.4 Agrobiodiversity in MMSEA landscapes2.1.4 Agrobiodiversity in MMSEA landscapes

Many local communities of various ethnic groups have centuries of experience in
utilizing a wide range of flora and fauna in mixed local agroforestry landscapes. Thus, for
the managers of many of the region’s agroforestry landscapes, biodiversity is viewed
more from the point of view of how it interacts directly with local human populations
rather than as a separated zone from which human populations are “fenced out”. While
this type of view is now frequently associated with the term “agrobiodiversity”, it often
involves much more than concern about genetic variation within plant populations of a
single “crop” species. As an example of this, we can look at three types of local
approaches for integrating “agriculture” and “forest” components of agroforestry
landscapes in MMSEA:
Ø In forest fallow swidden systems, forest is temporarily cleared for “agricultural crop”

production, and then returned to natural forest regeneration processes. Within the
cropping component of this “sequential” agroforestry system, upland rice is often
mixed with quite a large number of other “crop” species, including “domesticated”
native plants. Forest fallow components allow for areas of early forest regeneration
stages to be available each year, so that useful native plants from early-succession
plant communities are also plentiful there.

Ø Other types of “agroforest” practices include “enrichment planting” of perennial
“agricultural” species into forest areas, such as the “miang” (Camellia sinensis) tea
gardens found in the upper Chao Phraya river basin and neighboring areas. While
these may be associated with some thinning of forest species, the basic forest
communities and structure are maintained. In some areas, such systems are being
gradually transformed to include greater numbers of a range of “agricultural” species,
with a consequent reduction in native ones. And in still other areas, highly diverse
mixed orchards with uneven-aged “agricultural” trees (some of which may be native
to the area), are planted in a manner that mimics the structure of native forest.

While the number of natural species may be lower in various such types of “agroforests”,
their “forest-like” structure may provide habitat and environmental service functions
similar to natural forest. But “scientific” study of these systems is still very scarce. In
addition to various types of “agricultural” or “agroforest” patches in MMSEA
agroforestry landscapes, remnant patches of natural forest are also usually present, and
frequently found in association with stream headwaters, steep drainage gullies, and other
strategic locations in the landscape. In many cases they are associated with use rules or
taboos, and they may play a role in spiritual beliefs or local rituals. In any event, these
forest patches—which are sometimes near or connected to larger forest areas—also play
a role in overall biodiversity properties of agroforestry landscapes in MMSEA.
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Thus, the degree to which agroforestry landscapes in MMSEA either “destroy” or
“maintain” environmental services, such as biodiversity, watershed functions or carbon
stocks, is not necessarily a simple issue resulting in a binary choice. But in order to assess
the environmental service objectives and the criteria and indicators by which they can be
assessed—including ones that incorporate insights from local knowledge based on
generations of experience—need to be articulated and clearly understood. And the “other
side of the coin” is that environmental services provided by agroforestry landscapes
should be recognized by “stakeholders” near and far who share in the benefits from them,
and who should also have an equitable share in any additional costs associated with their
maintenance. The political economy of how environmental services are produced and

Box 2.1 Agroforests in MMSEA as prime examples of ‘agrobiodiversity’
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who benefits from them is likely to be an issue of increasing importance in MMSEA and
its relationships with downstream lowland populations in the years to come.

Figure 2.12. Administrative structure at the level of the Mae Chaem valley and the Chao Phraya
basin

2.1.5 Natural resource governance in MMSEA2.1.5 Natural resource governance in MMSEA

Social and institutional change is yet another trend with potential for substantial impact in
MMSEA and its relationship with downstream lowland areas during coming years. While
there is growing consensus across mainland Southeast Asia that local institutions are best
placed to manage resources to meet local needs and build on local knowledge,
stakeholders from local to downstream to global levels also want assurance their needs
will be met. Levels of government administrative units have been the initial focus for
decentralization, but there are indications that other forms of social organization may also
be necessary. Thus, one of the major challenges for the region relates to how it can
establish, operate and maintain a system of units of social organization that can
effectively manage the natural resource base to meet this nested hierarchy of needs,
including negotiation of acceptable distributions of costs and benefits. In order to help us
visualize some of the nature and scope of these issues, the left side of figure 2.12 takes us
back to the Mae Chaem watershed in the upper Chao Phraya river basin. Even within this
one 4,000 square kilometer basin one can see:
Ø A substantial range in the size and configuration of individual sub-watersheds, each

with its set of local village communities and ethnic mix. Pilot local sub-watershed
management committees are trying to bridge village and ethnic boundaries in some
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areas, in order to manage common resources and  reduce local upstream-downstream
tensions related to water supplies and fears of flash floods and landslides.

Ø The “mismatch” between jurisdictions of elected sub-district (tambon) governments
and the sub-watersheds within which its constituency lives. While local governments
have the legal mandates and administrative and budgetary mechanisms to support
local natural resource management, the natural units of forest, watersheds and other
resources in their domain seldom correspond to their own administrative boundaries.
Moreover, how will these various local organizational units respond, for example, to
downstream concerns about water flow or quality from the Mae Chaem watershed as
a whole?

A sense of the sheer number of sub-district governments that would need to be involved
in this level of localized natural resource management in Thailand is indicated by
comparison of the map in Fig. 2.11 that depicts reserved forest (light green) and protected
areas, relative to the map on the right in Fig. 2.12 that depicts boundaries of sub-district
governments in all regions of the country. If the diversity and complexity of local
conditions elsewhere is comparable to those faced by sub-district governments in Mae
Chaem, it becomes clear that coordination within and among this number of local
organizational units presents a major challenge. Thus, if management at larger forest
areas and river basin and sub-basin levels is to be effective, it becomes obvious that there
is a role for higher levels of social organization. And, since major government processes
are conducted through existing administrative structures, such efforts must have working
relationships at district, provincial and national levels.

While some advocate alteration of administrative boundaries to match more
closely with watersheds, the process of doing so would be exceedingly difficult and
would still result in mismatches with units of forest or other natural resources, as well as
with organizational patterns related to social, economic or other characteristics of
“macro-landscapes” around the region. Similar issues also extend to the international
level in most of the large river basins, as well as in some of the most important large
protected forest areas.

A more likely path might lead toward less formal organization of networks of
local communities directly involved in managing natural resource units, combined with
clear channels for their linkage with governmental administrative units. Both types of
organization could have nested hierarchies that are linked at appropriate levels. One
important element of how such hierarchies could function effectively at their various
levels would be a clearer understanding of types of natural resource management
decisions— and the roles of different stakeholders—that would be most appropriate at
each of the nested spatial and organizational levels. This could help lead to efforts to
more fully develop management and support system capacities at each level, as well as
methods for inter-level interaction and negotiation. A second element is a need to focus
on process elements of how social units function within and among levels, in order to
assure that these processes are inclusive and transparent enough to establish and maintain
credibility and their own longer-term viability.

Such organizational and management within the context of a range of trans-
boundary conditions in larger river basins. The Chao Phraya and Yangtze river basins
provide two different scales where “domestic trans-boundary” issues need to be
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addressed within single national frameworks. Trans-boundary issues in the Red, and
small portions of the Pearl and Irrawaddy river basins, require bilateral collaboration, and
the Salween extends this to the trilateral level.  The Mekong river basin, which includes
portions of six countries, provides the most complex context, and after several decades of
efforts the Mekong River Commission is still exploring how the two ‘upper basin’
countries can be included in their programmes.

Even within a single nation state context, governance of major river systems must
find ways of negotiating and reconciling interests among a range of stakeholders whose
demand for watershed services vary according to their needs and location within the
basin.  Fig. 2.11 illustrates an example of various strategic locations within the Chao
Phraya river system, and Box 2.2 lists some of the major watershed concerns at each of
these locations. The official policy response has been to impose land use restrictions on
most of the uplands in the North Region (Fig. 2.13)

Figure 2.13.  Major locations in the “macro-landscape” of the Chao Phraya river system where
demand for watershed services differ
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Figure 2.14. Official watershed classification with 5 classes that restrict land use to different
degrees and the area fractions of protected watershed forest lands for Thailand as a
whole, the North Region and the Mae Chaem watershed

Box 2.2 Who wants what watershed services in MMEA?

Upper mountain slopes: even rainfall within rainy season, tanks for supplemental
sprinkler irrigation of high-value crops

Lower mountain slopes: reliable stream flow for weir-based irrigation, no flashfloods,
landslides, heavy sediment or chemical pollution

Lowlands above large reservoirs: reliable flow for weir-based irrigation plus year-round
water for horticultural crops and urban populations; no floods on flood plains during heavy
rainfall years

Lowlands below large reservoirs: total water retained by the reservoir plus regulation and
allocation of release for irrigation, electricity, flood control, domestic water supply and
urban & industrial uses

Coastal areas: quality, quantity and timing of flows out of major river systems and effects
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Figure 2.15. The Mae Chaem watershed has a substantial ethnic diversity, associated with
diversity on livelihood strategies and land use patterns

2.1.6 Actual land use patterns in Mae Chaem: is there a problem?2.1.6 Actual land use patterns in Mae Chaem: is there a problem?

A simple diagrammatic representation of some of the major elements of this variation is
presented in Fig. 2.16. Although it is overly simplified, we have found it to be quite
useful, and we are encouraging colleagues to make similar ones for other parts of
mainland SEA. There are three major components to this diagram that should be
emphasized here, without dwelling too much on details, each of which could be
associated with quite extensive discussions.
Ø Natural vegetation and ecosystem gradients are indicated by the column of forest type

labels on the left of the diagram.
Ø Variation in ethnic groups according to altitudinal zones and the agroecosystems

traditionally associated with each group are indicated by columns of labels in the
center of the diagram.

Current land use is indicated by the column of labels to the right of the diagram, as well
as some of the major government policies that seek to directly affect land-use practices.
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Figure 2.16. Diagrammatic representation of the main changes in land cover and land use for
different elevational zones, comparing the natural forest vegetation, land use patterns
before 1960 and the situation around 2000

Clearly, traditional livelihoods result in an overall mosaic of land-use practices that
indicate mixed agroforestry landscapes have long existed in this area. But a range of
forces driving change have been sweeping through this area since about 1960, including
those associated with population growth, agricultural commercialization, opium crop
substitution, infrastructure development, government administration and health,
education, and other services, and more recently economic restructuring and
globalization. In addition, various government policies such as those depicted in Fig. 2.14
have sought to specify or constrain how responses to these forces should affect land-use
practices and patterns. The net result of these factors has often remained a mosaic
agroforestry land-use pattern, but component practices, relative proportions and spatial
configurations of these patterns have often changed very substantially, along with associated
change in local livelihoods and impacts on environmental services.

The local landscape typology of the Karen ethnic group distinguishes a number of
different forest types associated with different functions (Table 2.1)
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Table 2.1 Landscape elements recognized by a Karen community example in the upper Mae
Chaem watershed, N. Thailand (James R. Peters, pers. comm.); NTFP = non timber
forest product (van Noordwijk et al., in press)

Landscape
element

Location Function Accessible to: Resource use

Watershed
(ridge) forest

On the mountain
ridge separating
the village territory
from the next one

Providing main
irrigable water
source and clean
drinking water
(piped to the
village)

All cattle grazing and
collection of food, and
medicinal plants,
hunting area, NTFP
collection

Conservation
forest

(new category) Conserving wild
animals and plants

No hunting Cattle grazing

Open access
forest

Hills surrounding
village

Providing forest
products

All, with
permission

Construction wood
(for house, not for
sale), grazing and
NTFP collection

Community
forest

idem, but closer to
the village then
previous category

idem, for
community
activities

Community
groups

Wood for community
structures, grazing and
NTFP collection

Bush fallow
('revolving
forest')

Closer to the
village then
previous category

Crop production,
grazing land

Privately
controlled in
cropping
years,
open access
grazing in
fallow years

Crop yields, fodder,
manure transferred to
home gardens, grazing
and NTFP collection

Riparian forest Along the streams
and rivers

Providing clean
and cool water for
irrigation,
maintaining the
spirit owners (e.g.
crabs, fish and
frogs) in the paddy
fields

All NTFP's

'Forest above
paddy field'

Forest land
adjacent to a
landowner's paddy
field

Reserved for the
exclusive use of
the paddy owner.

Private Commercial or
subsistence gardens
or useful tree species

'Paddy field' Between streams
and previous forest
category

Rice production (+
dry season
vegetable crop)

Private Rice and dry season
crops; cattle/ buffalo
grazing in dry season

Burial forest Close to village Cemetery All -
Birth forest Close to village Burial of umbilical

cords for spiritual
security

All -

Home garden Around house in
village

Household needs Private Fruit, vegetables,
fodder, medicine
(human and animal)
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Figure 2.17. Plant species

richness at plot
level and soil bulk
density for a rich of
land cover and
land use types in
the Mae Chaem
catchment (data:
ASB Thailand)

The natural forest types differ both in plot-level plant species richness and in bulk
density, with the dry deciduous the lowest in richness and the highest in bulk density. An
‘agricultural intensification’ series that starts with 10-year fallow upland rice and ends
with intensively managed lowland vegetables and paddy rice shows a decrease in plant
species richness and an increase in soil bulk density. The sparse data on agroforestry
indicate relatively high bulk density for the fruit orchard and medium values for shade
coffee.

As described by Thomas et al. (2003), current landscape mosaic patterns of land cover in
Northern Thailand can be seen as resulting from adaptation of traditional agricultural
systems over time. During the 1950s, little influence from the lowlands had yet imposed

Figure 2.18. Pressures on the
current land use systems in
Mae Chaem
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itself on traditional systems in higher elevation zones. Subsequent outside influences,
such as markets for new crops associated with both opium crop replacement programs
and expansion of lowland agro-industry, led to extensive clearance of forest in
mountainous areas. Increasing clearing size changed the land-use patterns from those
formerly based on small clearings substantially impacting forest regeneration and
watersheds in general. Land-use constraints imposed by the Royal Thai Government
(RTG) on highland areas, such as accompanying national parks, wildlife sanctuaries, and
a watershed classification system, combined with political tensions, fears for national
security in border areas, and foreign pressure to stop opium production, further
influenced agricultural development. In response, a series of crop substitution-oriented
projects were implemented during the 1980s, linked with RTG efforts to improve health
service, education, infrastructure, and market access in the highlands. Population growth
and in-migration further increased land-use pressure, and by the late 1980s projects like
CARE Thailand and the Sam Mun Highland Development Project (SMHDP) began
developing integrated approaches including participatory land-use planning (PLP) to
address the multitude of problems and develop strategies and solutions in partnership
with highland communities. These efforts also significantly affected agricultural systems
in transition. During the 1990s, concern with environmental issues grew rapidly. Initial
concern focused on criticism of dam projects and state management of forest lands,
leading to proposals for a community forestry law that would allow local participation in
management of forest resources. But growing environmental awareness in lowland and
urban populations was also associated with realization of the importance of upper
watershed forests in the northern region for future livelihoods. The regular supply of
clean water long taken for granted was now becoming an issue of concern. This set the
stage for a growing debate and tension between upstream and downstream interests,
which has intensified with recent flash-flood and landslide disasters. Meanwhile,
governance reform efforts led to a new national constitution and strengthening of local
governance institutions. Additional projects initiated by the Royal Family, the RTG and
various NGOs to work closely with highland villagers have been responding to
challenges presented by these developments. As a result, locally-negotiated land-use
planning, combined with new tools ranging from methods for local monitoring of
watershed services to GIS and remote sensing technology, are coming together in a
promising approach for addressing both local and societal needs. ICRAF Chiang Mai,
working together with the Royal Forest Department, Chiang Mai University, the Queen
Sirikit Forest Development Project, Care-Thailand, and other ASB-Thailand partners, are
conducting research on these issues and processes at their benchmark research site in the
Mae Chaem district of Chiang Mai province in northern Thailand. This research targets
development and pilot testing of a comprehensive spatial information system to support
participatory management of natural resources in upper tributary areas where national
conservation concerns seek to constrain local land-use practices. The system consists of
four major components:

1) Negotiation and articulation of local land-use plans and agreements that
incorporate local needs as well as concerns of downstream communities and
national society.

2) Spatial information tools that provide: a basis for formal recognition of local land-
use agreements  transparency and accountability in monitoring compliance, and
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2.1.7 Data on rainfall and river discharge for Mae 2.1.7 Data on rainfall and river discharge for Mae ChaemChaem

additional information to enhance the capacity of local institutions to manage land
use in a manner that can improve local livelihoods while sustaining environ-
mental services.

3) Continuous monitoring and assessment of watershed services by local
communities and water-shed management networks.

Figure 2.19. Land use in the Mae
Rak subcatchment, with
the official watershed
categorization and (lower
panel) the result of an in-
tensive participatory land
use planning exercise
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4) Analytical modeling to provide assistance for both local managers and the general
public in interpreting information related to natural resource management issues.

Field-testing of the overall system includes additional detailed information on land-use
history, local land-use patterns, and other factors that will assist in assessing the
effectiveness of the system and its various components. Initial pilot implementation of
these efforts began in 2001 in four sub-watersheds of Mae Chaem, selected to represent a
range of current land-use conditions found in upper tributary watershed areas.The long
standing debate on a possible relationship between forest conversion and rainfall tends to
focus on large continental land masses (such as the Amazone basin) versus insular areas
with strong influences from oceans and seas. Mainland Southeast Asia may be
intermediate between these two, so an analysis of historical rainfall records may throw
some light on the issue.

Walker (2002) analysed long-term rainfall data for numerous sites in Chiang Mai
and Mae Hong Son province compiled by the Royal Irrigation Department
(www.rid.go.th) for 10 locations where relatively complete data series dating from the
1920s are available (Fig. 2.20). The data show substantial short-term variation. The data
from Mae Rim suggest a long-term decline in rainfall, while there is a minor downward
trend in the data from Doi Saket, Chiang Mai and Samoeng. However, the data from
other locations such as Chom Thong, Fang, Khun Yuam and Mae Hong Son suggest a
long-term increase. Taken as a whole the data suggest long-term stability in levels of
precipitation, despite very substantial reductions in forest cover. Only a very selective
reading of the data could support the claim that deforestation has lead to reductions in
levels of rainfall.

Enters (1995: 95) similarly concluded from similar data that there were “no
statistically significant changes [in precipitation] between 1927 and 1989.” Nipon (1994)
cited a study conducted in northeast Thailand to the effect that “yearly statistical analyses
showed an insignificant relationship between monthly, seasonal and annual rainfall
patterns and the remaining forest areas. In other words there was no correlation between
rainfall parameter and the percentage of remaining forest area.”
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Khun Yuam
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Figure 2.20. Long term records (since 1921) for rainfall stations in northern Thailand with their
long term linear trends (data from the Royal Irrigation Department, derived from Walker,
2003)
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Figure 2.21. Long term record of the discharge of the Mae Chaem river

The data on rainfall and river discharge will be analyzed in section 3.1

2.1.8 Insular Southeast Asia-Sumatra-2.1.8 Insular Southeast Asia-Sumatra- Tulang Tulang Bawang–Way Besai–Way Bawang–Way Besai–Way RingkihRingkih

Within insular Southeast Asia (with Indonesian and the Philippines as major countries
and the Sabah/Sarawak part of Malaysia, Brunei and Timor Lorosae as smaller entities),
substantial differences in population density occur between the islands with Java as the
densest populated part, matched only by parts of Luzon (the Philippines) and the southern
tip of Sumatra (Fig. 2.22). Recent forest conversion with substantial numbers of people
living downstream points us to Sumatra for further analysis Indonesia has recognized the
urgent need to undertake forest and land rehabilitation programs.
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Figure 2.22. Human population density in Southeast Asia (upper panel) and a composite of 2003
Modis imagery (lower panel) showing closed forest (dark green), agroforestry mosaics
(lighter green) and agricultural crop land (reddish)
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Figure 2.23. Some of the recent ‘issues’ on forest conversion and watershed functions in
Sumatra

JambiJambi

L a m p u n gL a m p u n g

TREES 2000
forest cover map
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In a recent ministerial decree (09/KEP/MENKO/KESRA/III/2003) the lack of effective
watershed functions was perceived to be linked to 229 flood-or-drought events during the
January 2002 – March 2003 period that caused 505 deaths and caused 1,070,378 people
to be evacuated. The standard response of the government is reforestation programs,
targeting 100,000 ha for 2003 alone. Reforestation programs will absorb a substantial
amount of government funds – and yet, it is unlikely to be effective in enhancing the
actual environmental services as there is no clear identification of the cause-effect chains
involved; there is a dominance of command-and-control interactions with the people
living in the areas concerned, and a real lack of real incentives for participation. Among
the research and development community in Indonesia there is a clear interest in
alternative ways of achieving the goal of effective environmental protection along with
poverty reduction. A better understanding of the real thresholds were land use change
starts to affect quantifiable watershed functions is urgently needed. Broadening the array
of policy options for achieving the targets of ‘rehabilitation’ requires both research and
effective communication.

Figure 2.24. Batang Hari and Tulang Bawang watersheds of Sumatra as focal areas of ASB
research and development activities in Indonesia

In Phase 1 and 2 of the Alternatives to Slash and Burn (ASB) project, research and
development activities focused on two cross sections of the ecological zones of Sumatra:
one in centre of the island (Jambi province, roughly coinciding with the Batang Hari
watershed) and one in the southernmost tip of the island in the province of Lampung,
mostly in the Tulang Bawang watershed. In Phase 3 and for this report most of the
attention went to Lampung and especially to the Way Besai subwatershed (Sumberjaya
sub-district), in the upper reach of the Tulang Bawang.
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The island of Sumatra is composed of a chain of (inactive) volcanoes and mountains
(running parallel to its west coast) and a vast lowland peneplain with generally acid
sedimentary soils on its eastern side (van Noordwijk et al., 1998b). The richer soils are
found in the mountains and foothills (piedmont). Many of the valleys in the mountains
have been used for agriculture for thousands of years, with pottery and other
archaeological remains providing evidence of long-term external trade links via the
rivers. Sumberjaya is one of these valleys, having an elevation of between 500 and 800 m
a.s.l. and rainfall averaging 2614 mm year-1 (Agus et al., 2002). Until the middle of the
20th century, the valley remained relatively inaccessible by road and was sparsely
populated. Population densities have now reached 147 per km2 (BPS, 1999), as a result of
immigrants flowing into the area either from traditional coffee-growing areas to the north,
or from the island of Java. Coffee (Coffea robusta) is the main component of the majority
of gardens. A considerable part of the area has been designated ‘protection forest’, and
hundreds of households have been evicted from the area in the name of ‘watershed-
protection functions’. Only after the political changes of the late 1990s have farmers
resettled the area, and they are currently negotiating tenurial rights in the context of
‘community forest management’ arrangements. Perceptions of watershed functions thus
have a direct, political relevance in this area.

Coffee cultivation methods and garden typology vary widely across the district
(Verbist et al., 2002). Gardens range from young monocultures of coffee, through simple
shaded coffee to complex multistrata agroforests. Increasing land scarcity has resulted in
the cultivation of steeper land and the conversion of most primary and secondary forest to
agriculture, except in the case of some of the steepest slopes and the top of a ridge which
formally held the status ‘protection forest’. Soil conservation in these erosion-susceptible
areas is a priority, in order to sustain coffee yields in the short term and prevent a longer
term decline in productivity. Consequently, various soil management strategies and

Figure 2.25. Lampung province as the
demographic and developmental
transition point between the densely
populated island of Java and the island of
Sumatra, with its official classification of
state forest lands by major use category
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garden typologies have developed to suit different locations. A variety of soil
conservation measures are applied in coffee gardens – from physical barriers such as
terraces, trenches, ridges and pits, to the choice, positioning and manipulation of the plant
components within the garden. These measures are often practiced in conjunction with
soil improvement through cultivation, and fertilizer and compost application.

Figure 2.26. Land use change in the Way Besai subcatchment as evident from satellite imagery
for 1973, 1986 and 2000, a digital elevation model of the area and a summary of land
cover fractions and total carbon stocks (Van Noordwijk et al., 2002) in the past 30 years
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Figure 2.27. Land cover and land use in the Way Ringkih subcatchment in the Bodong
neighbourhood, where detailed investigation of the hydrological impacts of conversion
from forest to coffee gardens take place in the context of ASB Phase 3 project
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2.2 Models
2.2.1 A range of models and underlying assumptions2.2.1 A range of models and underlying assumptions

The basic logic of a water balance that follows water in its passage through vegetation,
soil, and rivers to either the atmosphere or the ocean is easily captured in quantitative
models.

Figure 2.28. Link between
patch-level water
balance and
catchment level
hydrological
functions; the
various models are
all based on similar
‘water balance
logic’ but differ in
the details of the
assemblage and
filter rules that are
used to predict
river flows.
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Models, if correctly implemented, allow for an explicit representation of the
consequences of a series of assumptions. No model is correct, no model is wrong – but
the assumptions may or may not be sufficient and necessary to reconstruct the
phenomena that we can observe. As different modelers may have slightly different
interpretations of the same set of assumptions, or differ in the assumptions they make, it
is generally relevant to compare between different model implementations, even if they
refer to broadly the same set of hypotheses. In the context of ‘activity 2’, we will explore
a number of models that were initially developed for different sets of circumstances,
temporal and spatial scales. Before we represent results of these models, we thus need to
clarify the various assumptions, similarities and differences.

All models will be used for a comparison of ‘natural vegetation (baseline) versus
current land use pattern’, with current climate. A specific effort will be made to derive
location-specific scenarios of plausible land use change, that will be evaluated for its
bearing on hydrological functions (see section 2.3).

Although most models follow a water balance logic (compare Table 1.4), there
are substantial differences in model complexity based on the number of feedbacks that
are included in the interaction between vegetation, soil and rainfall (Fig. 2.29)

Figure 2.29. Four-quadrant representation (compare Van Noordwijk et al., 2004) of the relations
involved in water use efficiency, and 4 model ‘levels’ depending on the use of interactions
between quadrants rather than fixed coefficients; the different lines relate to plants with
different uptake efficiency and/or transpirational demand

The simplest models (‘null-models’) work on the basis of ‘run-off coefficients’ and
‘water uptake and water utilization efficiency’ and can thus relate total rainfall to both
total water yield in rivers and plant production. Models at level 1 acknowledge that
infiltration depends on prior water use. Models at level 2 include two-way interactions
between all quadrants. Models at level 3, in addition, consider changes in soil structure
and infiltration properties over longer time scales. The more complex the model, the
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larger the number of parameters and the easier it is to ‘fit’ the model to any empirical data
set, without gain in confidence for extrapolation to new situations. Yet, a number of the
feedbacks are based on solid empirical evidence and their inclusion can enhance the
range of model applicability.

Empirical run-off coefficientsEmpirical run-off coefficients

The relationship between daily rainfall events and surface runoff (Fig. 2.30) is often
approached by linear regression to derive a ‘typical runoff fraction ‘ (suggesting a line
through the origin) or a linear function with an intercept on the X-axis (all rainfall below
X0 mm day-1 can infiltrate, above that only a fraction); in more complete data sets we
normally see a tendency for an increase in slope of the amount of run-off per unit rainfall.
Theoretically we expect the marginal increase in runoff per unit additional rainfall to
approach 1 once the full is fully saturated.

Figure 2.30. Schematic representation of the empirical relationship between surface runoff and
rainfall and the aspects of the graph that can potentially be influenced by land use
change

While the textbooks distinguish ‘infiltration limited’ (or Hortonian) overland flow from
saturation overland flow (or SOF), in mechanistic models at least four controls on
infiltration of rain into soils can be distinguished (Fig. 2.31).

Of these four controls, the following three can be influenced by land cover:
Ø 2. the rate of water use between rainfall events (relative to the potential

evapotranspiration dominated by the energy balance), which determines the
‘antecedent soil water deficit’ (at the time of the next rainfall event) below field
capacity that can be recharged through rainfall; the faster water is used, the more will
be able to infiltrate during the next rainfall event,

Ø 3. the fraction of water that can actually infiltrate given the rate at which it arrives, the
potential infiltration and the time available:
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o 3A. the rate at which rainfall arrives at the soil surface, modified by
canopy interception and leaf drip (this is only of importance for short
periods of intense rainfall)

o 3B. infiltration potential of the soil surface and its change in soils
sensitive to slaking (i.e. fine soil particles can regroup from micro-
aggregates to form a  ‘sealed’ surface; in some soils algae may further
contribute to a ‘hydrophobic’ character of the surface,

o 3C. the time available for infiltration will depend on the slope and
opportunities for temporary surface water storage related to micro-relief,
which can be modified by land users

o 3D. the possible rate of outflow from the soil profile, either vertically into
subsoil and groundwater or laterally, during the infiltration event

Ø 4. the difference between field capacity and saturated soil water content (over the
whole profile depth) may lead to infiltration at the time of rainfall and either seepage
into groundwater or subsurface lateral flow (‘soil quick flow’) during the next 24
hours.

Fig. 2.31. Schematic time course of soil water content and soil physical understanding of the
determinants of the infiltration process: (1) time interval between rainfall events, (2) rate
of soil water depletion between rainfall events, creating soil storage space, (3) potential
rate of infiltration into the soil, in relation to the intensity of rainfall and (slope-dependent)
opportunities for temporary water storage at the soil surface, and (4) difference between
‘field capacity’ (= soil water content 24 hours after a heavy fall of rain, when the rate of
water seepage to deeper layers tends to reach a small value) and ‘saturated’ soil water
content, when all soil pores are water-filled

Land use change can affect all these controls, through difference in water use of
vegetation relative to potential evapotranspiration (even though differences are likely to
be bigger during a ‘dry season’ due to differences in deciduousness),
Ø 3A) providing a protective cover that slows down (and evens out) the rate at which

water reaches the soil surface
Ø 3B) providing continuous protection of the mineral soil via a litter layer that also

stimulate soil biota that increase soil porosity, or expose the soil to sun and rain with
opportunity for slaking and sealing,

Ø 3C) providing more or less temporary water storage opportunities at the soil surface,
and thus increasing or decreasing the time available for infiltration,

Ø increasing or decreasing macroporosity of the soil, and thus the propensity for ‘soil
quick flow’ rather than overland flow.
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Nearly all models, even those applied at a global or river-basin scale used in ‘activity 1’
(Vörösmarty et al., 2000), include the first and second control listed above in their
predictions of the impact land-use change will have on river behaviour (and thus operate
on ‘level 1’ of the classification in Fig. 2.33). The effects of land use on the third and
fourth controls listed above are only included in the ‘level 2 & 3’ models such as
DHSVM (http://www.hydro.washington.edu/Lettenmaier/Models/DHSVM/index.htm;
Wigmosta et al., 1994) and WaNuLCAS (van Noordwijk and Lusiana, 1999), which were
developed for high-resolution applications.

All models predict a ‘hydrograph’ (daily (or monthly) rate of flow at specific
points in the network), and from this the annual water yield and the dry season river flow
can be inferred. Maximum and minimum discharge per month or year can always be
derived; the operational definitions used for base flow and peak flow vary.

In deciding on an appropriate process description for a model of the water balance
choices for spatial and temporal scale need to be linked. Models that describe soil
physical details of the infiltration process may need to consider a time scale of seconds,
as there are rapid changes in hydraulic conductivity during infiltration into dry soils, and
consider spatial units of 1 cm3 or less as basic entity; integrating them over more than one
or a few m2 may put limits to the speed of model execution. Yet, models at this temporal
and spatial scale can be used to test the validity of coarser (‘bucket overflow’) descriptors
that can be used in models at daily scale and integrated over substantially larger areas.
The main relations in the ‘family’ of models developed and/or used by ICRAF is shown
in Fig. 2.32. The models and technical descriptions are available on the ICRAF.org/SEA
website (for WEPP see http://topsoil.nserl.purdue.edu/nserlweb/weppmain/wepp.html);
we will only highlight some of the key features relative to the scope of our current effort.

Figure 2.32. Spatial and temporal scale of a number of models of the water balance that can be
used to explore relationships between land cover/land use and the water balance,
influencing river discharge at landscape scale
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2.2.2 Hydrologic Null-model2.2.2 Hydrologic Null-model

In Fig. 1.4, three steps can be distinguished in a typical land cover change scenario: A)
initial forest conversion, B) subsequent degradation of the land until C) a rehabilitation
phase is reached. At a very basic level we can explore what these three stages mean for
the total water yield, the base flow of rivers and the amount of peak flow (quick flow),
across a wide range of annual rainfall amounts.

To do that we make the following assumptions:

Total water use by vegetation is higher for natural forest (due to greater canopy
interception, greater aerodynamic roughness of the canopy, a more perennial nature of
green canopy and a deeper root systems allowing for dry period exploitation of subsoil
water reserves) than for the agricultural crops that follow it; the difference is typically
300 mm year-1 (Zhang et al., 2003; Best et al., 2003)

A simple run-off fraction determines the part of the rainfall that reaches the river as
‘quick flow’ generating ‘peak flow’; the remaining part of the rainfall infiltrates into the
soil and, after subtraction of total water use by the vegetation, generates the ‘slow flow’
that determines the ‘base flow’ of the river; the runoff fraction of forest depends on the
slope, soil depth, soil texture and the typical intensity of rainfall (with a range of 0.1 – 0.3
as reasonable estimates for the humid tropics).

Depending on the land use practice after forest conversion, the runoff fraction will tend to
increase above its value for the natural forest, causing a shift from base flow towards
peak flow; the increase may reach a 0.2 - 0.4 for open –field agriculture in the absence of
any soil conservation practices.

Reforestation as part of ‘rehabilitation’ will rapidly return the total water use to the level
of the preceding natural forest (or more than that for fast-growing trees), but will only
gradually induce changes in the soil that reduce the run-off fraction.

In a ‘hydrological null-model’ we can directly derive from 3 equations:

ΣStormflow = Runoff_fraction * ΣRainfall (1)

VegWatUse = min(Σ(Epot *ReductionFactor), (1- Runoff_fraction)* ΣRainfall) (2)

ΣBaseflow = ΣRainfall - ΣStormflow – VegWaterUse (3)

where
Ø ΣQuickflow = summation over one year (or more if inter-annual changes in water

storage are deemed to be important) of river flow based on surface runoff during
storm events

Ø Runoff_fraction = fraction of rainfall that does not infiltrate into the soil but becomes
surface runoff

Ø ΣRainfall = summation over one year (or more if inter-annual changes in water
storage are deemed to be important) of rainfall

Ø ΣVegWatUse = total  water use by vegetation and soil
Ø Epot = the energy-limited potential rate
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Ø ReductionFactor =  potential evapotranspiration of the land cover relative to the
energy-limited potential rate, linked to (seasonal) leaf area index

Ø ΣBaseflow = summation over one year (or more if inter-annual changes in water
storage are deemed to be important) of river flow that is based on infiltration during
storm events

These equations combine to a simple expression for our first indicator of watershed
functions (total water yield per unit rainfall) (if we assume that the daily
ReductionFactors are not linked to daily Epot values):

TotWatYield/ΣRainfall = (ΣQuickflow+ΣBaseflow)/ΣRainfall = 1–VegWatUse/ΣRainfall
= 1 -  min((Epot/ΣRainfall)*ΣReductionFactor, (1- Runoff_fraction) (4)

where
Ø TotWatYield is total water yield of a river catchment, per unit catchment area.

From equation (4) we can see that in relatively dry areas (Epot /ΣRainfall >> 1) total water
yield per unit rainfall directly depends on the runoff fraction, as is evident from
traditional ‘water harvesting practices’ that enhance run-off in catchment areas (as there
is a negligible ‘base flow’ and all water infiltrating will be used by vegetation). In very
wet areas (Epot /ΣRainfall << 1) total water yield may be influenced by vegetation via the
reduction factors.

This model can be easily implemented in a simple spreadsheet and applied across a full
range of rainfall regimes. In the results section we describe model calculations for the
three stages (A, B and C) of a land use trajectory.

2.2.3 FALLOW2.2.3 FALLOW

FALLOW (van Noordwijk, 2002; Suyamto et al., 2003) is a spatially explicit landscape-
dynamics model, which considers households of farmers as the changing agents and
comprises the following main annual dynamic processes (Fig. 2.33):
Ø plot-level soil fertility dynamics in crop and fallow phases affecting agricultural crop

production and plot-level productivity of other land uses (e.g. ntfp, agroforestry,
monoculture plantation, etc.);

Ø food consumption and storing by agents, that may involve exchange of other
resources through trading (i.e. food and any other yields),  with options along the
spectrum from ‘full dependence on local food production’ to ‘fully market-integrated’
economy, affecting landscape level household economy;

Ø agents’ learning on expected profitability of various land use options, affecting the
decisions on increase or decrease of the area cropped, adopted land use systems and
labor allocation;

Ø plot-level implementation of strategic decisions by agents through resource
availability identification,  covering labor and preferred sites availability; and

Ø ecosystem succession and growth.

FALLOW also provides impact assessment toolboxes on how the resultant mosaic of
land cover will affect watershed functions (annual water yield, base flow, net sediment
loss), biodiversity indicators and carbon stocks.
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Initially developed as a Stella model, FALLOW has now been re-implemented in the
spatially explicit modelling environment of PCRaster, making it possible to apply the
model to larger landscapes with real spatial data sets. FALLOW can be used for impact
assessment and scenario studies, assisting the negotiation process between stakeholders in
a changing landscape by visualizing possible/likely consequences of factors such as
changes in prices, population density and human migration, availability of new
technology, spatial zoning of land use, pest and disease pressure or climate.

Staying essentially at a yearly time step, the FALLOW model differs from the
hydrological null-model in that it:
Ø integrates over a mosaic of patches that each have their own runoff fraction (linked to

slope, soil conditions and land cover history) and current water use depending on the
vegetation,

Ø considers spatially explicit changes in land cover in a mosaic context, that impact of
soil physically quality and thus infiltration and runoff,

Ø includes human agents decisions on land use driven by overall targets and a spatially-
explicit rule set for implementation,

Ø includes rules for surface erosion and deposition in filter zones,
Ø allows for estimation of a number of biodiversity indicators, and thus for studying

trade-offs between land use intensity, watershed functions and biodiversity.

For the Mae Chaem situation, we began with parameterization of the FALLOW model
for a subsistence-oriented shifting cultivation system that is experiencing a steady
reduction in the length of its fallow period, during which soil recovery is associated with
regenerating forest vegetation.

FALLOW includes a simple annual water balance at patch level, with an allocation of
incoming rain over evapotranspiration, overland flow and infiltration, that depends on a

Figure 2.33. Core module of
FALLOW and the use of
the WaNuLCAS model
(see below) for
parameterizing crop yields
and plot level impacts on
the water balance of
different crop-fallow
mosaics
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soil physical quality that changes in a positive or negative direction depending on current
land cover type and its assumed supply of food for soil biota. In interaction with soil
physical quality, water infiltration is also determined by slope at plot level (Figure 2.34).
Surplus from this first filtering step determines the overland flow. Under saturated soil
conditions, infiltrated water will flow out as subsurface quick flow and together with the
overland flow produce storm flow. Water that reaches the groundwater storage is released
as base flow. Overland flow multiplied with a user-defined average sediment
concentration per land cover class determines gross erosion. FALLOW also assigns a
potential filter function to each plot (depending on contact cover by litter) and derives a
net erosion loss that leads to the sediment load of rivers. The most critical phase of land
use/cover change is found within the pioneer phase, due to relatively low filter efficiency.
Filter effects only can be exerted along the pathway of overland flow, giving a specific
relevance to ‘riparian filter zones’.

On the basis of the Digital Elevation Model (DEM) and rainfall, we developed an
application for the meso-scale catchment of a coffee producing area in Sumberjaya,
Lampung, Sumatra, predicting impacts on watershed functions of various ways of
spatially allocating ‘forest reserves’ and land use/cover changes as farmers’ response to coffee
price shocks.

For a 25% forest cover, a comparison was made based on five allocation rules:
Ø Random,
Ø Ridge tops,
Ø Steepest slopes,
Ø Riparian zones,
Ø Zones far from the village.

Figure 2.34. Infiltration fraction
(contour) of a plot depending on
slope and soil physical quality;
slope is classified according to
USLE (1: slope < 1%, 2: 1%d
slope < 3%, 3: 3%d slope <5%,
4: 5%d slope < 20%, 5: slope >
20%); where soil physical
quality represents its aggregate
stability.



76

The zones (Fig. 2.35) were delineated according to distance to river with a threshold of
100 m nearby the river (riparian forests), steepness with threshold of 20% (sloping
forests), elevation with threshold of 1000 m a.s.l. (ridge top forests), a uniformly random
choice (random forests) and ‘remote forests’ at a distance to settlements of more than 1
km. We focused on the prediction of net sediment loss from the landscape to the river.

Riparian forests Forests on steep slopes

Ridge top forests Random forests

Remote forests

Figure 2.35. Five spatially explicit ways of allocating 25% forest cover over the Sumber Jaya
(Way Besai) catchment (with rules that effectively protect forest from conversion, while
allowing collection of forest products) for use with the FALLOW model.
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2.2.4 GenRiver2.2.4 GenRiver

The GenRivermodel was designed to bridge between ‘parsimonious’ (few parameter)
models that are essentially fitted to empirical data, and distributed process-based models,
by gradually allowing the parsimonious model to be spatially differentiated, as the need
arises. The core is a ‘patch level representation of a daily water balance, driven by local
rainfall and modified by the land cover and soil properties of the patch. The patch can
contribute to three types of stream flow: surface-quick flow on the day of the rainfall
event, soil-quick flow on the next day and base flow, via the gradual release of
groundwater. The overall water balance of the model is, summed over space and time:

In Out
+ Rainfall - Evaporation of canopy intercepted
+ Changes in soil and groundwater
storage

- Evapotranspiration from soil surface and
by plants

+ Changes in the volume of water in
streams and rivers

- River discharge (summed over base , soil
quick flow and surfacequickflow)
- Error term (difference between all in & out
terms; negligible if model is correctly
implemented)

For the long-term behaviour the changes in soil and groundwater storage, as well as
changes in the volume of streams and rivers will be negligible, while the error term
should be negligible at all times if the model is correctly implemented.
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On shorter time scales, however, the changes in storage in soil, groundwater, streams and
rivers are critically important for the variability in (daily) river flow as reflected in the
‘hydrograph’. If measured data for river discharge are entered, a direct comparison of
measured and simulated river discharges can be made (Fig. 3.36).

Figure 3.36. An example of a hydrograph as output of the model for one year of simulation

Figure 3.37. Cumulative water balance as output of the model with cumulative river
discharge(CumDebit), approximately equal to cumulative rainfall (CumRainfall) minus
cumulative evapotranpiration (CumEvapoTrans). The dynamic change in catchment
storage (DeltaCatchmentStorage) account for difference between these cumulative
terms. Cumulative basedischarge (CumBaseDischarge), surface quick discharge
(CumSurfQDischarge) and soil quick flow (CumSoilQFlow) can be calculated in this
model.

No specific effort was
made yet to ‘fit’ the

model to measurements
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Figure 2.38. Component sectors of the model; the ‘reservoir dynamic’ section is optional and has
not been used yet

Brief description of GenRiver and component processesBrief description of GenRiver and component processes

A river is treated as a summation of streams, each originating in a subcatchment with its
own daily rainfall, yearly land cover fractions and constant total area and distance to the
river outflow (or measurement) point. Interactions between streams in their contribution
to the river are considered to be negligible (i.e. there is no ‘backflow’ problem). Spatial
patterns in daily rainfall events are translated into average daily rainfall in each
subcatchment in a separate module. The subcatchment model represents interception,
infiltration into soil, rapid percolation into subsoil, surface flow of water and rapid lateral
subsurface flow into streams with parameters that can vary between land cover classes.

Rainfal lRainfal l

Rainfall at subcatchment level is implemented as daily amounts from long time records
for each subcatchment, stored in an Excel spreadsheet. These data can be derived from
actual records, or from a ‘random generator’ that takes temporal patterns (SpatRain, see
below) Rainfall intensity is treated as a parameter with a mean and standard deviation
that are constants throughout a simulation.

Intercept ionIntercept ion

Storage capacity for intercepted water is treated as a linear function of leaf + branch area
index of the land cover, with the option of modifiers for surface properties that determine
the thickness of the water film. Interception-evaporation has priority over plant
transpirational demand.
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Fig. 2.39. Implementation of the patch level water balance model of GenRiver

Model Overview
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Surface inf i l trat ion/runoffSurface inf i l trat ion/runoff

The description of the infiltration process is similar to that in WaNuLCAS and the
parameterization can be derived for a wide range of land cover types (and histories) from
tests with that, more detailed model. Infiltration is calculated as the minimum of the daily
infiltration capacity times the fraction of a day that is available for infiltration (the latter
reflects rainfall intensity as well as the local storage capacity of the soil surface) the
amount that can be held by the soil at saturation minus the amount already present plus
the amount that can enter the groundwater within a day (which in itself is the minimum of
the potential daily transport rate and the difference between maximum storage capacity of
groundwater and the current amount) If the first constraint is active, the model generates
‘infiltration limited runoff’, in the second case ‘saturation overland flow’. The sum of
both is included as ‘surface quick flow’.

Evapotranspirat ionEvapotranspirat ion

Total evapotranspiration is driven by potential evapotranspiration (Penman-Monteith
type) and (partially) met by:
Ø intercepted water
Ø land cover, with a drought-limitation proportional to soil water content relative to

field capacity below a (vegetation dependent) threshold potential relative
evapotranspiration per land cover type (per month) (a monthly multiplier on potential
daily evapotranspiration, reflects overall phenology)

Ø soil surface evaporation (not explicit – to be included in the land cover/vegetation
properties for transpiration)

Soi l  water  redistr ibutionSoi l  water  redistr ibution

During a rain event the soil may get saturated, but within one day it is supposed to drain
till ‘field capacity’ (with an operational definition of the soil water content 24 hours after
a heavy rainfall event). The difference between saturation and field capacity can be
either:
used for transpiration (but canopy intercepted rainfall takes priority to meet the demand)
drain to the groundwater reserve, calculated as the minimum of the amount that can be
transported downwards and the fraction of soil water that will drain on any given day
drain to the rivers as ‘soil quickflow’: any water left above field capacity by the two
preceding processes

Groundwater  re lease  to  s treams (basef low)Groundwater  re lease  to  s treams (basef low)

Surface quickflow, soilquickflow and baseflow all feed into streams. For each
subcatchment a ‘Routing’ function determines the time delay before the water passes by a
defined measuring point (currently the outflow from the catchment).

Distance (rout ing distance)Distance (rout ing distance)

Distance from the mid point of each sub-catchment to any number of observation point .
This parameter will derive the routing time for each sub-catchment to each of the
observation point, while excluding sub-catchment downstream of the observation point.
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Figure 2.40. The routing section of the model causes a delay in the arrival at specified
measurement points of water delivered to the streams in the patch model, as well as an
attenuation of peaks
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GenRiver  input  parametersGenRiver  input  parameters

Table 2.2.  The model input is thus driven by the following parameters

Acronym Definition
Dimension
[default
value]

Notes

DailyRain (I,t) Daily rainfall for each unit i mm (= l per
m2)

Located in Stella

RainIntensMean Average rainfall intensity mm/day Located in Stella

UseSpatVarRain Option to use spatial rainfall distribution
generated from SpatRain module

mm Located in Stella

RainIntensCoefVar Coefficient of variation of rainfall
intensity

Located in Stella

DebitData Daily discharge data mm Located in Stella
InterceptPerClass (j) Interception storage capacity per land

cover class
mm Located in Excel

LandCoverFreq (i,t) Land cover class frequency per unit i [] Located in Excel
MaxInfRate (i) Maximum infiltration capacity per unit i mm day -1

(500)
Located in Stella

RelativeDrought
Threshold (j)

Drought-limitation to transpiration per
land cover class, as fraction of field
capacity

[] Located in Excel

FieldCapacity (i) Field capacity of the soil (soil water
content 1 day after ‘soaking’ rain

mm (600) Located in Stella

SoilSatminusFC (i) Difference between saturation water
storage capacity and field capacity of the
soil

mm (100) Located in Stella

MaxDynGrWatStor
e (i)

Dynamic groundwater storage capacity mm (350) Located in Stella

Routing Distance (i) Distance from centre of subcatchment to
measurement point

km Located in Excel

PerFracMultiplier Daily soil water drainage as fraction of
groundwater release fraction

[] (0.5) Located in Stella
Located in Stella

GWReleaseFracVar An option to have a constant
groundwater release fraction for each
subcatchment or using single value for
the whole catchment

[] (1)

GWReleaseFracCon
st (i)

Daily groundwater release fraction [] (0.03) Located in Stella

InitRelSoil Initial soil water content relative to field
capacity

[] (1) Located in Stella

InitRelGroundwater Initial groundwater store relative to
maximum value

[] (1) Located in Stella

EPot (t) Potential evapotranspiration (Penmann
type)

mm (5) Located in Excel

Area (i) Area of each subcatchment km2 Located in Excel
Note: index t refers to time dependent input, i to subcatchment and j to land cover classes
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In the model a number of 'array' dimensions is used. Space-related properties are
described with the 'sub-catchment' array, that is (potentially) used to specify soil and
groundwater properties as well as the 'routing' time for stream discharge to reach the
point where the river is monitored. A number of land cover classes can be distinguished
(as in the 'FALLOW' model, but the GenRiver model operates on daily time steps, while
FALLOW has a yearly time step), with different properties for interception of rainfall and
water use by transpiration (both at the potential level and where a drought threshold is
passed). Time is the main dimension of change, of course, and rainfall is the main time-
dependent input, that can be made specific to each sub-catchment (but not differentiating
land cover classes). Surface infiltration properties are currently described as a constant,
but they may well have to be made dependent on sub-catchment. A relationship between
this property and the land cover class is required that describes the change in this property
as a function of time since land cover change.

2.2.5  SpatRain2.2.5  SpatRain

Variations in river discharge tend to decrease with increasing area of consideration, partly
due to a decrease in temporal correlation of rainfall events across space. Patchiness of
rainfall can contribute to an increase of yield stability over space. Existing rainfall
simulators tend to focus on station-level time series, not on space/time autocorrelation.
The SpatRain model described here was constructed to generate time series of rainfall
that are fully compatible with existing station-level records of daily rainfall, but yet can
represent substantially different degrees of spatial autocorrelation. Calculations start from
the assumed spatial characteristics of a single rainstorm pathway, with a trajectory for the
core area of the highest intensity and a decrease of rainfall intensity with increasing
distance from this core. The model can derive daily amounts of rainfall for a grid of
observation points by considering the possibility of multiple storm events per day, but not
exceeding the long-term maximum of observed station-level rainfall.  Options exist for
including elevational effects on rainfall amount. SpatRain is implemented as an Excel
workbook with macros that analyze semi-variance as a function of increasing distance
between observation points, as a way to characterize the resulting rainfall patterns
accumulated over specified lengths of time (day, week, month, year).

The SpatRain model starts from the spatial characteristics of a single rainstorm
pathway (with a trajectory for the core area of the highest intensity and a decrease of
rainfall intensity with increasing distance from this core) and can derive daily amounts of
rainfall for a grid of observation points by considering the possibility of multiple storm
events per day.  Design features include:
Ø the simulated rainfall for any point in the landscape must be consistent with existing

data on the frequency distribution of daily rainfall;
Ø the program must allow for spatial trends in mean rainfall, e.g. due to elevational

effects;
Ø the program should analyze semivariance as a function of increasing distance between

observation points, as a way to characterize the resulting rainfall patterns accumulated
over specified lengths of time (day, week, month, year) and identify the storm-level
parameters that lead to specified degrees of spatial correlation; and
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Ø for use in combination with a hydrological model, SpatRain should allow for the
identification of subcatchments in a watershed area and allow averaging the point grid
pattern to derive the daily average rainfall per subcatchment.

Description of the modelDescription of the model

Approach to  the  problemApproach to  the  problem

Station-level daily records are often the only information available on the distribution of
rainfall. Such data can be represented as a series of monthly ‘exceedance’ graphs, derived
from say 30-year data. Between months of the year and locations we may expect
differences in the intercept with the X-axis or ‘frequency of wet days’ (or days with a
measurable amount of precipitation, usually defined as > 0.5 mm day-1), the intercept
with the Y-axis or maximum amount of rainfall in a single day recorded in that particular
month of the year, and in the curvature of the (monotonously rising) line between these
two points (Fig. 2.42).

Figure 2.42.  Input distribution of station level rainfall depth in three measurement stations that
were combined, as they don’t show essential differences.

Conceptually one can imagine a procedure that reshuffles measured daily sequences of
rainfall while maintaining the monthly total, like rearranging a jackpot, where the
variability of 3 values exposed on the window should follow our expectation:
homogenous (apple-apple-apple) or heterogeneous (apple-banana-orange). The total set
of permutations of 30 sets of jackpot with 30 pictures (for 30 days and only 30 cells) is
enormous, and among these we can expect to find a substantial variation in degrees of
spatial autocorrelation. By generating a sample of these reshuffling results, calculating
autocorrelation and then selecting specific configurations, we would meet the key design
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criteria specified above. The program will, however, be rather cumbersome and time
consuming if large areas are to be considered, and the selection of results that meet a
specific change in spatial autocorrelation with increasing distance may require a large
subset of reshuffling results. More efficient algorithms are desirable, but the ‘jackpot’
analogue shows that the design rules are not mutually incompatible.  A more direct
approach can be taken if we assign specific spatial properties to single storm events and
then adjust the frequency of storms and the intensity of rainfall in the core area of these
storms to match the existing station records.

Assumed storm propertiesAssumed storm properties

Three parameters are used here for describing rainfall in the core area: the length of the
core trajectory, the radius of the core area and the rainfall depth in the core area (Fig.
2.43). Two further parameters describe the relative decrease of rainfall depth with
increasing distance from the core. The combination of these can produce the full scala of
‘homogenous’ to  ‘heterogeneous’ types of rain. These parameters can be related to
frictional forces forming thunderstorms or convective bands causing frontal circulation
(Pielke, 2002):

)e(1*II
f/d)(f

0d

←→−−=

where:
d is distance of a cell from the storm core (grid unit);
Id is rain intensity of a cell at distance d from the core (mm.d-1);
I0 is rain intensity at the core (mm.d-1);
f→ is spreading factor; and
f← is agglomerating factor.

Figure 2.43.  Assumed shape of individual storm events. Patchy rains are possibly formed
when f→ < f←(frictional forces), while homogenous rains are formed when f→ >
f←(frontal dynamics).

Matching spat ial  pattern with temporal  patternMatching spat ial  pattern with temporal  pattern

A single storm event will ‘wet’ (above the measurement threshold of 0.5 mm day-1 used
in most empirical data sets) a number of cells, some at the core intensity and some at a
lower intensity. Given a set of parameters for the storm trajectory, we can derive the
frequency distribution of rain depth in wetted cells, relative to the core rain intensity (p),
in n classes. Once this is known, the frequency distribution of core intensities (F) can be
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derived from the observed station level rain intensities (f). Frequency distributions of f, p
and F should have the same class number and interval order.  We use the following order
to define the class boundary: [max..max*q1],[ max*q1.. max*q2], [max*q2.. max*q3],…,[
max*qn.. min], where  max is the maximum data, min is the minimum data and n is class
intervals number.  The value of q is ranging from 0 to 1 and calculated as follows:

10q,eq )/nln(min/max K==

We first need to recognize the combinations of classes pj and Fk that are compatible with
class fi:

( ) 1F0 1,p0 1,f0 ;i~k&j|Fpf kji
ik,j,

kji ≤≤≤≤≤≤= ∑

For the highest rainfall class only one combination, involving the highest class of both p
and F will yield the desired result, but for the other classes there can be several
combinations of p and F that yield the same result (the tail end of a big rainfall event, a
medium fraction of a medium storm or the core area of a small storm). We can approach
it working our way from the top down, but a simpler derivation starts from the
observation that for all distributions f, p and F the sum equals 1. By assuming that the
resultant (f) comes from the multiplication between p and F, we then get this basic
equation:
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From the equation, we can derive a criterion for the shape of the p distribution (that
depends on assumed storm properties) that is compatible with the targeted f distribution.
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kF , Fn would violate the assumption of non-negative

subsequent F terms. So, a cross-over of p and f indicates incompatibility of the storm-
level assumptions  that generate the p curve   with the station-level rainfall records
 that generate the f curve.  Figure 2.44 illustrates the compatibility of intensity
distribution from two contrasting spatial patterns of 30-grid maps with temporal
distribution from 30-day station record.  Pattern B of exactly similar distribution to the
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station record rainfall produces compatible F as shown in Fig. 2.44.D, whereas pattern C
is incompatible with the station record distribution as indicated by negative values of F in
Fig. 2.44.E.  This means, it is impossible to arrange rainfall maps of pattern C using the
existing temporal distribution.

A

B C

D E

Figure 2.44.  Compatibility of intensity distribution from two spatial patterns (B and C)
with temporal distribution from station records (A). Pattern B is compatible (D)
while pattern C is incompatible (E).
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Considering multiple storm eventsConsidering multiple storm events

Equation )e(1*II
f/d)(f

0d

←→−−=  may produce a narrow-spread area of single storm
events, on which its wet cells ratio relative to total area (c1) does not match the wet days
fraction of that specific month (d).   Hence, we need to allow for multiple storm events,
depending on the area fraction wetted by a single event and the time fraction of rainy
days at the measurement station level. For spatially independent multiple events on a
single day we can derive that probability of dry days on a given month, P|δ |, should meet
the probability of dry cells during single event, P|χ|, to the power of events number (N):

N
÷PäP =

Where P|δ |=1-d and P|χ|=1-c1.  Thus, the number of events is:

)cln(1
d)-ln(1

N
1−

=

Cross-scale  probabil i ty  of  storm eventsCross-scale  probabil i ty  of  storm events

Patchy rains have less wet fraction than homogeneous rains in space.  In order to
conserve each cell to having uniform chance of being hit by storms in time, patchy rains
should have higher probability to occur than homogeneous rains.  Consequently, the
cross-scale probability of storm with N number of events (P(EN)) is defined from wet
days fraction (d) by taking wet cells fraction of N storm events (cN) into account:

( )
N

N c
d

EP =

Considering elevational effectConsidering elevational effect

Rainfall patchiness can also be affected by elevational effects of the area. Thus, rainfalls
at particular degree of patchiness generated by the above procedures should be corrected
if applied on an area with elevational effects. The elevation modifier of rainfall at
elevation z (Xz) is assumed as rainfall average at that elevation (µz) relative to overall
average (µ):

ì

ì
X z

z =

In fact we are modifying the amount of rain that any storm brings to any cell, not the
preferred pathway of storm trajectories. Though similar multipliers we can introduce
‘rain shadow’ effects that depend on a preferential direction of storms and gradients in
elevation.

Patchiness  indicatorPatchiness  indicator

Semivariogram is used as quantitative spatial pattern indicator of simulated rainfall (Fig.
2.45). Spatial distribution of rain intensity from the storm cores can be distinguished by
semivariance increase (dS) within the distance range of increasing semivariance (dh) or
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the slope (s=dS/dh).  From Fig. 2.45, it is expected that patchy rains will have higher dS
within shorter dh (steeper slope) than homogeneous rains.  Moreover, based on behavior
of the slope, patchiness can be quantified using fractal dimension (D) (Bian,1997):

(s/2)3D −=

Figure 2.45.  Fractal dimension as defined by slope of semivariance range is used as
patchiness indicator of rainfall.

The value of D ranges from 0 to 3.  Lower fractal dimension of a spatial pattern may be
interpreted as more fragmented pattern.  Thus, patchy rain is expected to have lower D
than the homogeneous.

Implementa t ion  in  SpatRa inImplementa t ion  in  SpatRa in

A flowchart of the program that implements the above conceptualization is shown in Fig.
2.46. The SpatRain simulator is freely available on our website
(http://www.worldagroforestrycentre.org/sea/products/AFmodels/spatrain.htm).  The
current version of the program is developed using VB macro in an Excel workbook.
Application to the Mae Chaem area at a 3 km2 grid cell resolution proved to be at the
edge of the program’s capability. To overcome the memory limitations, a standalone
version of SpatRain has been developed using Java programming language.  Fig. 2.47
shows one of the SpatRain-Java environment features in displaying the dynamic maps
(daily rainfall maps as the simulation outputs), static scalar maps (e.g. DEM) and static
discrete maps (e.g. sub-catchments boundary) at better resolution of 1 km2 grid cell.
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Figure 2.46. Flow diagram of model calculations in SpatRain
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(A) Simulated Daily Rainfall Maps

(B) DEM (C) Sub-cathment Boundary Map

Figure 2.47.  SpatRain-Java capability in handling maps with large number of grids: (A) dynamic
maps; (B) static scalar map (C) static discrete map.

2.2.6 WaNuLCAS2.2.6 WaNuLCAS

For a number of simulations reported here we made use of the detailed (‘level 3) water of
tree-soil-crop interactions WaNuLCAS (Van Noordwijk and Lusiana, 2000). The
WaNuLCAS model was developed to simulate a range of tree–soil–crop interactions in
agroforestry systems, for a wide range of soil, climate and slope conditions. Basic
ecological principles and processes are incorporated into the model using modules such
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as climate, soil erosion, sedimentation, water and nutrient balance, tree growth and
uptake, competition for water and nutrients, root growth, and soil organic matter and light
capture.

Where most models operating at landscape scale need information about
infiltration, they are not able to describe this important process at the relevant time-scale.
As there is important variation between soils in infiltration rates and there is no direct
way to derive such information at the scale required for our models, we need estimation
procedures, or ‘pedotransfer’ functions (Fig. 2.48).

INPUT   

Percentage of clay 40
Percentage of silt 10
Percentage of organic matter (1.7*C-Organic) 4.08  
Median particle size of sand 290  
Top Soil ? (Type 1 for top soil, 0 for sub soil) 1  
Suggested value for Bulk Density 1.217  
Bulk Density 1.22  
K used for defining field capacity 0.1 cm d-1
Use the pedotransfer estimate of Ksat? 1 = yes, 0 = no 1  
Your own estimate of Ksat 110 cm d-1
   
Results  (to be used in the next step to generate soil
hydraulic properties)   

Theta sat (Total saturated porosity) 0.485
m3 water m-3
soil

Ksat (saturated conductivity) 103.67 cm d-1
Alpha 0.0549 cm-1
Lambda -3.737  
N 1.138  

Field capacity based on critical K value 0.391
m3 water m-3
soil

Figure 2.48 A WaNuLCAS includes a pedotransfer function for estimating soil physical properties
on the basis of soil texture, based on Wosten et al. (1995)

Field capacity can be defined on the basis of height above a water table (and hence read
from the Theta - p relationship, or on the basis of a limiting unsaturated hydraulic
conductivity. A model user is asked to specify the value you want to use for this second
way of calculating where drainage effectively stops, e.g. 0.01 cm day-1. Inside
WaNuLCAS the first way of calculating field capacity will be applied, and the highest
value for theta from these two approaches will be applied in practice.
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Figure 2.48 B Relationship between volumetric water content (θ), (negative) pressure head (h)
and hydraulic conductivity (K) of a soil, as derived from the pedotransfer function used in
WaNuLCAS from soil textural information and applied in the daily calculations of water
transport in the soil

We will present a number of results regarding
A) validity tests of the model for prediction of plot-level run-off and subsurface

flows
B) exploration of the pedotransfer functions used in WaNuLCAS
C) analysis of surface runoff and erosion on the basis of rainfall intensity and soil

structure
D) analysis of changes in soil structure in a forest – coffee conversion time-series
E) parametrizatrion of water balance for an intensification series of upland

rice/fallow rotations in northern Thailand

A )  A )  validity tests  of  the model for prediction of  plot-level  run-off  and subsurfacevalidity tests  of  the model for prediction of  plot-level  run-off  and subsurface
flowsflows

The subsurface lateral flow description in WaNuLCAS is based on a 2-dimensional
extension of the “bucket overflow” concept. We decided to test the result of this with
those for a more detailed continuous flow, finite element model such as FUSSIM.
FUSSIM is a two-dimensional simulation model for describing water movement, solute
transport and root uptake of water and nutrients in partially saturated porous media
(Heinen and de Willigen, 1998).

The effect of slope and soil texture on lateral flow prediction according to
WaNuLCAS and FUSSIM was simulated using rainfall data of Pakuan Ratu, Lampung,
Indonesia for 1997, with a total rainfall of 1885 mm per year.  In this exercise both model
simulates a bare plot, 50 m in length and 2 m soil depth in sloping land.  Slope was varied
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between 15 – 90% and clay content was varied between 10 – 90%, keeping silt constant
at 10%.  At each run, the soil texture is homogenous over the whole soil layers.

B)  B)  explorat ion of  the  pedotransfer  funct ions  used in  WaNuLCASexplorat ion of  the  pedotransfer  funct ions  used in  WaNuLCAS

Dynamic models of the soil-plant-atmosphere continuum can help to clarify relationships
between land use and water resources, provided that they are correctly parameterized.
The WaNuLCAS model for Water, Nutrient, and Light Capture in Agroforestry Systems
was developed for such tasks in tropical conditions. However, the field measurements
required for full model parameterization are laborious, costly and time consuming, so
shortcuts are desirable. Pedo transfer functions (PTF) have been developed to predict the
main soil physical relationships (θ-h-K) from the measured percentages of clay, silt,
organic matter content, and bulk density. However, existing equations are largely based
on temperate soils and as they are empirical, rather than based on first principles, these
PTF’s may gave erroneous, or even completely absurd predictions when used outside the
range of soils from whose data they were derived. Even so, complete textural data are not
easily obtained, and as a further step, these data themselves may be derived from soil
classification data and manually assessed texture classes.

Suprayogo et al. (2003) described a new database, PTFRDB, of input parameters
for PTF’s  derived from 8915 data available worldwide, with good representation of
tropical soils. When the resultant estimates are used as basis for θ-h-K relationships, the
results of the PTFRDB appeared close to those derived from field measurements. The
largest deviations occurred on vertisols and mollisols, where bulk density and soil organic
matter content diverged.

A further test of these pedotransfer database was made for a 10 year simulation
with  WaNuLCAS for a simple agroforestry system. Total water use by trees and crop, as
well as deep infiltration into the soil, surface and subsurface lateral flows were compared
between a run based on full information on soil texture and bulk density, and runs based
on coarser estimates and soil classes.

C) Linking surface runoff  and erosion to  rainfal l  intensity  and soi l  s tructureC) Linking surface runoff  and erosion to  rainfal l  intensity  and soi l  s tructure

In WaNuLCAS, physical soil properties (i.e. texture, bulk density and organic matter
content) and soil structure dynamics (i.e. biological activity, dependent upon nutrition
provided by plants through litterfall and root decay) determine saturated hydraulic
conductivity (Ksat), and condition the processes of lateral flow and vertical infiltration.
Rain intensity, plant growth (through the interception of rain) and lateral flow (over the
surface and as sub-surface flows) influence infiltration, which determines the amount of
runoff water. Soil erosion is influenced by the amount of runoff water, the flow velocity
(which determines the maximum transport capacity for particulate matter) and the actual
concentrations of sediment (which depends on the particles’ ‘entrainment’ or ‘propensity
to join the flow’). Actual sediment concentrations in overland flow thus depend on the
steepness of the slope (determining the runoff velocity), the soil’s surface cover (canopy
of trees, shrubs, weeds, and litter: all of which reduce flow velocity at the surface and
thus cause the sedimentation of particulate matter) and the coefficient of entrainment
(which mainly depends on aggregate stability at the soil’s surface).
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Sediment concentration:
• Slope (→ speed)
• Soil surface cover
• Coefficient of 

entrainment

Soil Physic properties:
• Soil texture
• Bulk density
• SOM

Soil erosion

Run-Off

Soil infiltration

K Saturated

Lateral flow

Van Genuchten
equations

Rose equations

Dynamic of soil structure:
• Organism activities

(earthworm)
• Decay rate of soil pores

Top soil thickness

Plant Growth

Litterfall

Time available for infiltration:
• Rain duration (rain intensity)
• Rainfall delay to the soil (rain intercepted)
• Water ponding on the surface (slope)

Figure 2.49. Key factors in the soil erosion component of the WaNuLCAS model, which include
such well-established process descriptions as the ‘van Genuchten’ functions for soil water
conductivity under saturated (Ksat) and unsaturated conditions, and the ‘Rose equations’
for overland flow of soil particles

Table 2.3.  Soil infiltration rates for soils with good structure (Brouwer, et al., 2000)

Soil texture Infiltration rate, mm hr-1 Infiltration rate, mm day-1

Sand > 30 >720
Sandy loam 20 - 30 480 – 720
Loam 10 - 20 240 – 480
Clay loam 5 - 10 120 – 240
Clay 1 - 5 24 – 120

Soil loss is based on an equation developed by Rose (1985):

100
**)1(**2700

Q
CoverSE λ−=

with
E = soil loss per event (Mg ha-1)
S = sinus(slope)
Cover = fraction of soil-contact cover (0 – 1)
Q = surface runoff, mm per event

λ = entrailment factor with Cover
baree

15.0−= λλ  and bareλ  = entrailment for
bare soil

We compared simulations with an empirical data set based on runoff study in coffee
gardens with ages of 0 – 10 years in Sumber Jaya, West Lampung, Indonesia
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D) Dynamics  of  so i l  s tructureD)  Dynamics  of  so i l  s tructure

WaNuLCAS uses a dynamic representation of soil structure that affects the saturated
hydraulic conductivity and potential infiltration rate for the soil surface. The conductivity
derived by the pedotransfer function for the ‘default’ soil bulk density (which reflect a
large database for mainly European agricultural soils at ‘standard’ soil structure) is used
as ‘fall-back’ value. The model user can specify a better starting point for soil structure
(lower bulk density), but during the simulation there will be a decay of this additional
structure, as well as an opportunity to build new macroporosity through biological effects
based on the presence of surface litter.

E) Fal low intensif icat ion series  for  northern Thai landE) Fal low intensif icat ion series  for  northern Thai land

The WaNuLCAS model of tree-soil-crop interactions was used as a tool to simulate crop
yields, nutrient and water balance, in a series of ‘scenarios’ that represent reduced-fallow
shifting cultivation systems. WaNuLCAS can be used for both sequential and
simultaneous forms of agroforestry, and includes a module for ‘slash-and-burn’ land
clearing. Simulations were set up for a 12-year test period that could be used for 11 years
of fallow + 1 year of crop (growing upland rice), 10 years of fallow + 2 years of crop, 2
cycles of 5 or 4 year fallow and 1 or 2 years crop, or 3 cycles of 1, 2 or 3 years of fallow
plus 3, 2 or 1 years of crop. Soil property data were derived from Wangpakapattanawong
(2001) and from default values of the model. The tree parameters were derived from the
default values for Peltophorum in the WaNuLCAS tree library. Whenever the land was
not cropped, annual weeds were allowed to grow, using parameters for an ‘annual’ weed
that would die back at maturation and regrow from a seedbank.

Figure 2.50. Schematic
representation of the
dynamics of soil
structure as used in the
WaNuLCAS model
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2.2.7. VIC (The Mekong Basin)2.2.7. VIC (The Mekong Basin)

Streamflow regulation, deforestation, agricultural expansion and other man made changes
taking place in the Mekong basin have the potential to affect the streamflow patterns of
the Mekong and its tributaries and could have serious environmental, economic, and
social impacts on the region. The response of the Mekong water resources system to these
changes can be viewed as an interaction between the land surface hydrologic cycle, the
physical infrastructure of the water resources system (dams and reservoirs), and water
resources management practices (reservoir operating policies). Our intent is to examine
the underlying dynamics of he hydrologic cycle in the Mekong, and to use that
understanding in an attempt to under and ultimately predict the response of the system to
change.

The work being executed here is predicted on the ability to dynamically describe
the movement of water in drainage basins, from its mobilization across the landscape to
small streams, and subsequently down the channel system to large rivers. The
methodology chosen is to utilize a set of coupled geospatial models of the physical
aspects of the landscape with hydrology models, and the dataframes required to support
them. Hydrologic and water management simulation tools can be used to explore the
response of the water resources system to these interactions.  Macro-scale hydrology
models can simulate rainfall-runoff processes of large river basins like the Mekong
(Nijssen et al., 1997). These models are designed to represent the effects of vegetation on
runoff, and thus can be used to simulate the effects of vegetation change (like
deforestation and agricultural expansion) on surface hydrological processes. The effects
of flow regulation can be simulated using water management models (Hamlet and
Lettenmaier, 1999; Leung et al., 1999). Thus, a hydrology model when combined with a
water management model (e.g. Hamlet and Lettenmaier, 1999) can be used to model the
streamflow of the Mekong River and its tributaries.

It is worth noting that this basic strategy goes beyond “just” analysis of hydrographs.
1. Being able to even assemble the requisite data sets is already an important

synthetic activity. These data sets are very rarely complete (or even close to
it); hence models can be used as interpolation devices, allowing a more
complete analysis. Assembly of even what is considered “dataframes” or GIS
layers actually represents important decisions; where each such “layer” is a
data model in its own right.

2. If a model gets the variability in a time series about “right” (without force
fitting), then understanding is implicit.

3. The model can then be used to decompose the hydrograph signal into its
constituent processes.

4. With such a dynamical base, scenarios can be explored with some confidence.

2.2.7.1.  VIC: The Hydrology Model2.2.7.1.  VIC: The Hydrology Model

We based our analysis of the dynamics of water movement across the Mekong basin on
the Variable Infiltration Capacity (VIC) model, coupled to water routing and water
management models.



99

VIC (Liang et al, 1994) was specifically designed for analysis of water (and
energy) fluxes in regional-scale, large river basins. It is a physically based model, which
nonetheless parameterizes small scale processes to allow application to large river basins,
which typically are resolved at spatial resolutions from 1/8 degree latitude by longitude
(e.g., where the resolution of the precipitation, temperature, radiative, and other surface
forcings are available or can be derived) to coarser resolutions such as the 2 degree global
application described by Nijssen et al (2002). Previous applications of VIC include such
large continental river basins as the Columbia (Nijssen et al., 1997), the Arkansas-Red
(Abdulla et al., 1996), and the Upper Mississippi (Cherkauer and Lettenmaier, 1999),
among other rivers. VIC has also been applied to the entire area of China (Su and Xie,
2003).

a) Surface Water and Energy Balance over a grid cell. A detailed description of the VIC
model can be found in Liang et al. (1994, 1996 and 1998) and Nijssen et al. (1997).
Briefly, the model (Fig. 2.51) has parameterizations to represent the vertical exchange of
moisture and energy between the vegetation canopy and the atmosphere, similar in many
respects to other Soil-Vegetation-Atmosphere Transfer Schemes (SVATS).  Its main
distinction from other SVATS is its representation of the effects of sub-grid spatial
variability in soil, topography, and vegetation (each vegetation cover class occupies a
specified fraction of the grid cell, as shown in the figure), and their effects on runoff
generation. VIC also simulates the spatial sub-grid variability in precipitation: the area
fraction of the grid cell experiencing precipitation increases with increasing intensity of
the precipitation event (Liang et al., 1996). For each vegetation cover class, the leaf area
index (LAI), canopy resistance, and relative fraction of roots in each soil layer is
specified. Evapo-transpiration from each vegetation type is calculated using a Penman-
Monteith formulation (Liang et al., 1994).

Figure 2.51. Variable Infiltration
Capacity - nLayer (VIC-nL)
macroscale hydrologic
model
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The soil is divided in the vertical direction in an arbitrary specified number of layers (for
most applications, 2 or 3 layers are commonly used). The sub-grid horizontal variability
in soil properties is represented statistically, using a spatially varying infiltration capacity.
The variable infiltration curve (shown in the figure) represents the fraction of the grid cell
where fast runoff is produced (by either saturation excess, or fast sub-surface flow).
Drainage between the soil layers is modeled as gravity driven, and the unsaturated
hydraulic conductivity is a function of soil moisture content, following the
parameterization by Campbell (1974). Another distinguishing characteristic of VIC is the
representation of base flow from the deeper soil layer as a nonlinear recession, following
the ARNO model base flow formulation (Todini, 1996).

The VIC model can be operated in two different modes: an energy balance mode
and a water balance mode. In the energy balance mode, all the water and energy fluxes
near the land surface are calculated, and the surface energy budget is closed by iterating
over an effective surface temperature. In the water balance mode, the effective surface
temperature is assumed to equal the air temperature and only the surface water balance
fluxes are calculated. In this study, the VIC model is operated in the water balance mode,
which is equivalent to the manner in which most operational hydrological models
function. Precipitation, maximum and minimum temperature, and wind speed are the
meteorological variables that drive the model in the water balance mode. Hourly
temperatures are estimated by fitting a spline function to the time series of daily
minimum and maximum temperatures. Daily precipitation inputs are distributed
uniformly in time throughout the day.

Figure 2.52. River network routing
scheme for VIC-nL
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b) Streamflow Routing. The VIC model is coupled to a streamflow routing scheme (Fig.
2.52) that transports the runoff generated within each grid cell through a specified
channel network. The scheme (Lohmann et al., 1996 and 1998) uses linearized St.
Venant’s equations, and permits computation of the hydrograph at any point of interested
in the channel network. The single runoff time-series produced for each grid cell is routed
to the grid cell outlet using a triangular unit hydrograph. Flow from each grid cell can exit
into any one its eight neighbors. The routing model does not account for water
management (channel losses, extractions, diversions and reservoir operations).

c) Water Management: Reservoir Water management and Irrigation. Water resources
currently sustain a relatively dense population of 73 million people who obtain most of
their protein from fish harvested from the river. Many people also rely heavily on the
annual flooding cycle for crop irrigation. The anthropogenic changes taking place in the
Mekong Basin have significant implications on the resources of the Mekong River.
Population growth in the Mekong Basin has resulted in widespread conversion of forests
into agricultural uses to meet increased demand for food. The increase in agricultural
areas and irrigation, along with urbanization and industrialization, led to an overall
increase in demand for water. The major water infrastructures in the basin are the dams,
which were constructed over the last four decades in China, Lao, Vietnam and Thailand.
In Cambodia and Vietnam, the wetlands, Tonle Sap Lake and the numerous dykes form
the main water infrastructures are playing a role directly or indirectly in the occurrence of
the flood and also the drought in the basin. Massive hydroelectric dams are planned or
have already been constructed along the river course.

Figure 2.53. Existing and proposed dams
in the Mekong Basin
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To represent the potential impacts of dams and irrigation on river flow, we constructed a
two-part Mekong Water Management” (MWMM)  sub-model,  representing the
interaction between water flows and the physical infrastructure of the water resources
system reflected in reservoir operating policies and irrigation demand.

The MWMM operates on a monthly time scale and is driven by streamflow data
simulated by the VIC model. VIC-simulated streamflow represents the input to the dam,
and the MWMM computer program computes updated dam storage and outflow rates for
each month. In the case of dams used for irrigation, the MWMM accounts for irrigation
extractions, if the current storage in the dam is sufficient to meet the irrigation demand in
that month.

Hydro-electric power dams in the Mekong include many run-of-the-river dams,
which do not appreciably affect the river flow, and were not included in the MWMM.
The dams contemplated by the MWMM are assumed to operate differently in the wet and
dry seasons. The storage reservoir is allowed to be filled during the wet season, while in
the dry season water is released from storage as needed to fulfill irrigation demands.
Since information about the operating policies was not available, simple rule curves were
assumed.

In the case of hydropower dams, a minimum storage level was imposed, to
produce the minimum flow rate necessary for operation of the dam. The operational
target to be met by these dams in the MWMM was the observed (or designed) power
output. If the dam is also used for irrigation as well as hydropower, operational targets in
the MWMM were the observed (or designed) irrigation releases combined with the power
output. We used simulated irrigation demands, as described further below.

In order to convert between storage volume and storage level in a reservoir, the
MWMM assumes its cross-section to be rectangular. In result, storage level varies
linearly with volume, between the specified minimum (required for dam operation) and
maximum levels. The power generated at each dam is a function of the rate at which flow
passes through the turbines, and the head associated with this flow, determined by the
storage level.

power = ρ η g h Q

where, ρ = density of water,
g = acceleration due to gravity,
h = hydrostatic pressure head associated with of the inflow Q,
η= efficiency of the power generating system.

Irrigation. Simulation of irrigation in the Mekong basin was carried out under the
simplest assumptions, in the absence of data on actual irrigation water use. The irrigation
model has not been validated, which will be the subject of future work.

The irrigation model uses a modified VIC code in which the moisture of top soil
layer in an irrigated crop area is not allowed to drop below a user-specified fraction of the
soil’s saturation level. In the normal operation of VIC, the moisture level of each soil
layer fluctuates in response to the time-variable precipitation and evapo-transpiration
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rates. In the modified VIC code (irrigation model), this moisture level is still allowed to
fluctuate, but is never allowed to drop under a fixed, user-specified elevated level. This
simulates the effect of the addition of irrigation water during periods where rainfall alone
would not be able to maintain the desired high moisture level in the soil. An arbitrary
value of 90% saturation was used in our model runs, deemed to be close to saturation but
not impose a requirement for perfect irrigation to permanently maintain saturation
conditions.

Only some of the model grid cells contain irrigated crops. The cells which do
contain irrigated crops were determined by the AVHRR-OGE class 37, “hot irrigated
cropland”. A cell which has this class 37 is assumed to possibly be only partly covered by
irrigated rice. The fraction of a cell of class 37 which is covered by irrigated rice was
determined based on the estimates for the total area of irrigated rice cultivation of the
International Rice Research Institute (IRRI) for the specific country, shown in table 2.1.1
below. (In this way, for a country completely included inside the basin, the total surface
area of irrigated rice would agree with the IRRI data.)

Because we have IRRI estimates of area covered by irrigated rice crops only for
1995 and 2000, we obtained estimates of this area for each country based on the total rice
crops FAOSTAT data (shown in Table 2.4, where dashes indicate missing data),
assuming that the percentage of total rice which is irrigated rice remained constant in
1979-1995, at 2000/2001 levels (20% of total rice for Thailand, and 14.5% for Laos). For
Cambodia, IRRI data for 1995 indicated 8% of rice being irrigated rice, and this value
was used for 1979-1995 (rather than the 15% computed from Table 2.4. and Table 2.5).
In the case of Vietnam, almost all of the irrigated rice is located on or near the Mekong
delta.

Table 2.4.  Area (ha) covered by irrigated rice, per country and per year (1979-2001), according to
the Irrigated Rice Institute (in http://www.irri.org/science/ricestat/index.asp).

Year Thailand Cambodia Lao PDR Vietnam Burma
2001 1,960,000 291,360 104,580 3,975,000 1,950,000
2000 - - - - -
1999 - - - - 1,818,000
1998 - - - - 1,593,000
1997 - - - 3,725,000 1,557,000
1996 1,894,000 - - 3,572,000 1,535,000
1995 1,257,000 - - 3,527,000 1,767,000
1994 - - - 3,495,000 1,592,000
1993 - - - 3,440,000 1,338,000
1992 2,206,000 - - 3,405,000    957,000
1991 - - - 3,336,000    835,000
1990 2,067,000 - - 3,195,000    869,000
1989 2,485,000 - - 3,141,000    852,000
1988 2,338,000 - - 2,639,000    835,000
1987 2,390,000 - - 2,564,000    798,000
1986 2,376,000 - - 2,539,000    875,000
1985 2,376,000 - - 2,510,000    858,000
1984 2,307,000 - - 2,490,000    861,000
1983 2,111,000 - - 2,430,000    838,000
1982 2,180,000 - - 2,380,000    805,000
1981 2,100,000 - - 2,310,000    865,000
1980 2,006,000 - - 2,250,000    873,000
1979 2,022,000 - - 2,190,000    833,000
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Table 2.5.  Area (ha) covered by rice paddies, per country and per year (1979-2000), according to
FAOSTAT.

Year Thailand Cambodia Lao PDR Vietnam Burma
2000 9,761,120 1,903,159 719,370 7,666,300 6,302,492
1999 9,969,920 2,079,442 717,577 7,653,600 6,210,787
1998 9,511,520 1,962,566 617,538 7,362,700 5,458,500
1997 9,912,790 1,928,689 599,400 7,099,700 5,408,300
1996 9,267,200 1,864,000 553,741 7,003,800 5,768,500
1995 9,112,951 1,924,000 559,900 6,765,600 6,032,700
1994 8,975,229 1,494,600 610,960 6,598,600 5,742,875
1993 8,482,400 1,823,625 538,686 6,559,400 5,486,812
1992 9,159,680 1,685,400 565,749 6,475,400 5,056,200
1991 9,052,960 1,719,000 556,878 6,302,700 4,575,000
1990 8,791,885 1,855,000 663,600 6,042,800 4,760,000
1989 9,879,040 1,861,000 596,160 5,911,200 4,732,400
1988 9,905,932 1,825,000 524,828 5,740,800 4,527,300
1987 9,147,076 1,370,000 542,018 5,603,100 4,482,800
1986 9,194,021 1,520,000 641,632 5,703,100 4,665,700
1985 9,833,074 1,450,000 663,487 5,718,300 4,660,800
1984 9,629,710    978,000 655,095 5,675,000 4,601,300
1983 9,606,013 1,612,000 694,347 5,611,700 4,659,200
1982 8,940,017 1,615,000 736,812 5,711,700 4,562,300
1981 9,105,026 1,317,000 745,062 5,651,900 4,808,700
1980 9,200,080 1,400,000 732,050 5,600,200 4,800,900
1979 8,654,000    744,000 689,300 5,485,200 4,441,900

Each grid cell of class 37 is then split into two grid cells, which are modeled separately: a
larger cell covered by non-irrigated rice, and a smaller cell covered by irrigated rice (the
“irrigated cells”). The irrigation model is run only for the latter type of cell. This scheme
is similar to that used by Haddeland et al (2003), although those authors represent
sprinkle irrigation (in their simulations, irrigation water is added to the rainfall variable in
the VIC runs).

The irrigation model (modified VIC code) was run for the entire simulation period
(1979-2000) for the irrigated cells, imposing a 90% level of soil moisture saturation in the
irrigated areas. The purpose of this model run is to estimate the evapo-transpiration
losses, and sub-surface flow losses (which are smaller in magnitude) that result from
maintaining such a high saturation level. The daily record of these water losses represents
the “daily water demand” of the irrigation grid cell. Daily water demands are then
compared against daily rainfall. If the daily rainfall volume is at least as large, then the
water demand is met without an irrigation demand. In days when rainfall volume is less
than the daily water demand, the difference is registered and represents the “daily
irrigation demand”.

The model then attempts to meet the irrigation water demand of the grid cell by
abstracting water from a nearby stream. Given the size of our grid cells (approaching 100
km2), every grid cell is assumed to contain streams in it. Therefore, at each daily time
step, the irrigation model (modified VIC code) attempts to meet the irrigation water
demand in the cell by subtracting it from the cell’s runoff volume. It is the depleted
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runoff (after irrigation abstraction) which is then routed through the flow network by the
routing model described in section a) above.

In periods of low rainfall, it is often the case that daily rainfall and runoff volumes
in the grid cell are not sufficient to meet irrigation water demands. The unmet irrigation
water demand in the downstream vicinity of a dam that is used for irrigation purposes is
then used in the MWM model described above. The “vicinity” of the dam was arbitrarily
set to a distance of 20 km (two model grid cells).

Figure 2.54. Elevations in the Mekong basin, from the GTOPO30 DEM (30 arc-second
resolution), and main channels of the network computed from this DEM using Arc-Info

2.2.7.2 Development of the Geospatial Model of the Mekong Basin2.2.7.2 Development of the Geospatial Model of the Mekong Basin

a) Flow Network.  The flow network is defined by the collection of flow direction from
each model grid cell to one of its neighbons are known, then runoff from each grid cell
can be routed through a sequence of grid cells forming a connected flow path that leads to
the basin outlet. Flow routing through the flow network allows computing a hydrograph
(the rate of flow varying over time) for any chosen point along a stream, such as a point
where a stream gauge is located. It also allows the delineation of the sub-basin that
contributes flow to any given point in a channel, composed of the point’s “upstream
cells”.
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Flow directions are determined by terrain topography, and a variety of
computerized methods are available for deriving a stream network from a digital
elevation model (DEM, Fig. 2.54). Our model grid cells are defined by parallel and
meridian lines with a spacing of 5 arc minutes (1/12 of a degree) of latitude and longitude
– roughly, 10 x 10 km at low latitudes. The method which we found to produce a network
at this resolution with closest resemblance to the observed stream network involved using
a DEM with the finer resolution of 30 arc seconds, or about 1 x 1 km). We used the DEM
from the GTOPO30 dataset (http://edcdaac.usgs.gov/gtopo30/gtopo30.html).

Flow directions and the basin area that is drained through each grid cell (the
“upstream area”, often also designated “accumulated flow”) were computed for each grid
cell of the GTOPO30 DEM using the computational routines of the commercial program
Arc-Info, which are based on the method by Jenson and Domingue (1988). Due to  the
large number of 1-km grid cells, a map of this complete stream network would contain
too many lines for useful visualization. Fig. 2.55A shows the major stream lines of the
computed network overlaid on a map of terrain elevations. In Fig. 2.55A, all lines having
more than 10 upstream grid cells are shown. Fig. 2.55B shows the observed stream lines,
from the Digital Chart of the World River Network Dataset (www.maproom.psu.edu/dcw/).
The estimated lines in compare well with the observed lines. Note that the Tonle Sap lake
is artificially represented as a channel in the computed network, and is absent from the
map of observed stream lines.

Figure 2.55. (A) Mekong stream network at 30 arc-second resolution (about 1 km) derived from
the GTOPO30 DEM using Arc-Info; (B). Observed streams of the Mekong from Digital
Chart of the World datase; (C) Mekong 10 km resolution stream network obtained from
the 1 km network in Fig. 2.51, using the 'upscaling' technique
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Aggregating the DEM to the desired 5 arc minutes resolution (about 10 x 10 km) and
again running the same Arc-Info routines to derive a network at that resolution, produced
sub-optimal results, as is often the case with coarser-resolution DEM. The best results
were obtained with a novel technique by which our 1-km network was “upscaled” to 10-
km resolution. The technique is composed of the following steps. First, for each 10-km
cell, the maximum value of accumulated flow in the one-hundred 1-km cells that fall
within it was registered (variable fmax). Second, the flow direction of each 10-km cell was
defined to be in the direction of the neighbor cell with the highest value of fmax. Third,
these flow directions were used to compute new values of accumulated flow for the 10-
km cells. Fourth, new flow directions for each 10-km cell was computed anew from the
new values of accumulated flow. The third and fourth steps were then repeated another
two times. Further iteration of these steps produced no more changes in the network. The
rationale of this technique will be explained elsewhere (Costa-Cabral, in preparation).

The resulting network at 10-km resolution is shown in Fig. 2.55C. For easier
comparison with the observed network, the two are overlaid in Fig. 2.56, showing the
lower part of the basin. The agreement is overall good, with a few local discrepancies.
Discrepancies were judged too small for perceptively influencing the simulated
hydrographs, and no manual corrections of the network were performed. Like the 1-km
network from which it was derived, the Tonle Sap lake is represented as a channel.

Figure 2.56. Stream network at 10-
km resolution (in black) and
observed stream network (in
red) illustrated for the lower
Mekong
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b) Elevation Bands. In the VIC model, sub-grid variability in temperature, precipitation
and snow accumulation is represented using elevation bands. The number of elevation
bands in a grid cell depends on the range of elevations within that grid cell, calculated
from the elevations of the finer resolution 30 arc-second DEM (represented in Fig. 2.51)
Each elevation band was defined so as to cover a range of elevations of at most 300
meters.

c) Soils.   The requirement for “soils” in VIC is to describe the physical properties of the
soil relative to water movement (Fig. 2.57). The soil data and its processing followed
methods reported by Nijssen et al. (2001a), and this section largely follows Section 3.b.2
of that reference. Soil textural information and bulk densities were obtained by applica-
tion of the SOILPROGRAM of Carter and Scholes (1999) which combines the 5-minute
FAO/UNESCO digital soil map of the world (FAO, 1995) with the World Inventory of
Soil Emission Potentials (WISE) pedon database (Batjes, 1995). The FAO digital soil
map records the dominant soil type for each 5-minute (roughly 10 km) grid cell, while the
WISE database contains attributes for a large number of soil profiles around the globe.
The SOILPROGRAM assigns attributes for each soil type by sampling the WISE
database. The program allows specification of the depth of each soil horizon for which
attributes are to be determined. The combined depth of the three soil layers was initially
chosen as 1.5 m. The upper layer was taken as 0.1 m and the second layer as 1.0 m.

Figure 2.57. (left panel) Mekong soils at 5 resolution, from IGBP SoilData program (right panel)
higher resolution soils data from the Mekong River Commission, for the "next" level of
model development
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The depth of the third layer was equivalent to 100 mm of water storage, which
corresponds to a depth of about 0.25 m, depending upon the porosity. The depth of the
second soil layer is a calibration parameter and it was changed during the process of
calibration. Once the processing was completed at 5-minute resolution, soil attributes
were aggregated to ¼ degree by taking an arithmetic average over all 5-minute pixels in
the VIC grid cell.  The remaining soil characteristics, such as porosity and saturated
hydraulic conductivity, were based on Cosby et al. (1984).

The moisture contents at field capacity and wilting point were determined by calculating
the moisture retention at a metric pressure of -33 kPa and -1500 kPa, respectively. The
program TRIANGLE, from Gerakis (1999), was used to convert soil textural information
to the United States Department of Agriculture (USDA) soil textural classes used by
Cosby et al. (1984). The ARNO parameters at ¼ degree spatial resolution were obtained
by interpolating the 20 x 20 parameters from Nijssen et al. (2001a) to the ¼ degree model
grid cells. We are now developing a comparable dataset, at high resolution, with data
directly from the Mekong River Commission (MRC).

d).  Vegetation and Land Use.   The requirements for vegetation and landuse are not for
knowing the “type” of vegetation per se, but rather what a set of hydrologic attributes are
that correspond to (identifiable) vegetation classes.  Land use throughout the Mekong
basin has undergone important changes in the last several decades, including most
notably deforestation, increased cultivation of rice and other crops, and increased
irrigation. Further change is ongoing under population and economic pressures. A major
focus of this study is the question of what role different classes of vegetation cover may
have in the annual hydrologic yield of the basin and seasonal flows, including the severity
of water shortage in the dry season and the severity of floods in the monsoon season. We
imposed the additional constraint of requiring the best available estimates of the extent of
paddy rice and of irrigated rice.
Data on vegetation cover are needed that are accurate and that cover different historical
periods, to represent the evolution of land use over as long a period as possible. An
extended survey of the available data sets found six land cover data sets, MODIS-IGBP,
AVHRR-UMD, Landsat MSS and TM-TRFIC, AVHRR-OGE, AVHRR-GLC, and
AVHRR GLC-SEA (Fig. 2.58). Some data sets are based on the readings of the AVHRR
satellite in 1992/93, one is based on readings of the MODIS satellite in 2000/01, and
three are based on readings of the Landsat MSS and TM satellites in 1973, 1985, and
1992. Every one of these data sets has a resolution of 1/120-degrees of longitude and
latitude, that is, it provides data for every land “pixel” in the Mekong (whole or part)
measuring about 1 km x 1 km. Each data set uses a different land cover classification
system, that is, the list of land use classes considered (here called the “legend”) is
different in each case.
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Figure 2.58. (left panel) Different landcover/landuse schemes. (right panel) MODIS Landcover
data setused here, combine with OGE Rice and Irrigated Cropland for Landcover Change
Hindcasting, with FAOSTAT statistics

With the hope that combination of these data sets would inform us on land cover changes
in the period 1973 through 2000/01, we investigated the comparability of the different
land cover classification systems. For example, despite land use changes between
1992/93 and 2000/01, if the AVHRR-based data were comparable to the MODIS-based
data set, we would expect to find a clear correspondence between classes. For example,
pixels classified as covered by “evergreen broadleaf forest” in the University of Maryland
(UMD) classification of the AVHRR 1992/93 data, would be expected to maintain, in
large number, the same classification “evergreen broadleaf forest” in the IGBP
classification of the MODIS 2000/01 data. As we discovered, this turns out not to be the
case. We conducted a detailed comparison between the various satellite data sets, and a
comparison between the data sets and statistics from FAOSTAT (the World Food and
Agriculture Organization data, for the extent of irrigated rice) (Cabral et al in prep).

Faced with general non-comparability between any pair of data sets, despite their
different legends, we faced the following questions: a) Which data set most accurately
describes land cover at its time of measurement, as compared to FAOSTAT data? b)
Which data set uses a land use classification legend that is most informative for the VIC
hydrologic model? And, c) once a data set is chosen based on criteria (a) and (b), what is
the most reliable method of “re-constructing” a time series of land use classes for our
period of study, 1979-2000, and how can we incorporate the FAOSTAT data for that
purpose?

In view that, to our knowledge, none of these satellite-based data sets has been
validated for Southeast Asia, and given their lack of agreement with FAOSTAT data and
with one another, the reasonable approach in our view is to use the satellite-based data
sets to aid in identifying spatial distribution of each land use class, but to modify them so
as to agree with FAOSTAT values (from Table 2.5).
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We choose the MODIS-IGBP data set because: a) Based on the MODIS-satellite
readings a data set of leaf area index (LAI) is also available, which can provide us with
the monthly LAI values needed for running the VIC hydrologic model (see below). Being
able to use vegetation cover and LAI data from the same source provides internal
consistency in the data. This consistency is what allows us then to generate reconstructed
maps of LAI from the reconstructed maps of land cover. b) The IGBP classification is
convenient for us because most of the classes in its legend are the same as in the UMD
legend. This is an advantage to us because earlier work at the University of Washington
has resulted in the compilation of a library of the vegetation parameters required by VIC,
for each of the UMD class.

Because the IGBP classification does not include either rice paddies or irrigated
areas, the MODIS-IGBP data set is used in conjunction with AVHRR-OGE class 36,
“rice paddies and fields”. Because OGE class 36 over-estimates the extent of rice areas,
by a factor estimated to be 2.75 from comparison with FAOSTAT data, we assume that
those pixels in this OGE class are those which contain some rice cultivation, but are not
necessarily entirely covered by rice. Rather than eliminating almost one in every three
rice pixels in order to reach agreement with FAOSTAT, we opted by assigning a fraction
of 1 / 2.75, or 36%, of each OGE class 36 pixel to rice, while the remaining 64% is
“cropland” with unspecified crops. The same approach is followed for irrigated rice.
FAOSTAT data are used to specify which fraction of rice is irrigated rice; this fraction
varies by country. Scenarios were then constructed by changing all croplands to forest,
and all forests to croplands.

Figure 2.59. Map images of the dataset of 12 monthly mean LAI values obtained from MODIS
2000/01
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With this scheme in place, the hydrologic parameters required were assigned. The
fraction of roots was assigned in such a way that trees and plants would predominantly
take moisture from the top two soil layers.  The rooting depths were so specified that only
a nominal fraction of the roots extended beyond a depth of 1.0 m. The specification of
other vegetation parameters such as height, minimum stomatal resistance, architectural
resistance, roughness length, and displacement height was based on Nijssen et al.
(2001a).

d) Leaf Area Index (LAI). LAI is required directly by the model. The values of Leaf
Area Index (LAI) are those derived from the MODIS satellite readings from 03/01/2000
through 02/28/2001, which have a 1-km resolution, and a time resolution of 8 days.
According to the MODIS web page, these LAI data have been evaluated, and are of
quality appropriate for use in scientific publications. These data were projected to a
geographical grid of 1/120 degrees (which is also about 1 km), and were then aggregated
to the model grid of resolution 1/12 by averaging over the area of each model grid cell.
Data were also aggregated in time by averaging the two or three 8-day readings for each
month. Thus, a dataset of 12 monthly mean LAI values was generated for each model
grid pixel, which is displayed in Fig.2.59.

In the hindcast of land cover types back to 1979, rice cultivation was replaced by
forest, or vice-versa, according to the census data. When forest (or rice cropland) was
inserted, the LAI values were accordingly replaced by those derived from MODIS for the
closest pixels having that land cover type in 2000/01. The dominant forest cover type, by
far, is “broad leaf evergreen”. Over the entire Mekong basin, the LAI values for this type
of forest vary greatly for any given month. For example, Figure 10 shows the mean,
minimum and maximum monthly values derived from MODIS 2000/01 for the Mun
River sub-basin.

Figure 2.60. Range, and mean of LAI values derived from MODIS 2000/01 averaged over each
month, for the Mun River sub-basin.
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2.2.7.3.  Climate Forcing and Hydrology Data2.2.7.3.  Climate Forcing and Hydrology Data

We have 2 intersecting requirements for climatological data: driving the VIC modeling,
and for specific rainfall/discharge analyses (particularly related to floods)

a) Surface Climatology. The meteorological data used to drive the VIC model includes
daily values of precipitation, maximum and minimum temperatures, and wind velocity.
Station observations of daily precipitation and temperature were obtained from the
NOAA Climate Prediction Center Summary of the Day data archived at the National
Center for Atmospheric Research for the period January 1979 through December 2000.
Data from 279 stations (Fig. 2.61) were interpolated to the model grid cells using the
SYMAP algorithm (Shepard, 1984) to obtain daily time series of precipitation and
maximum and minimum temperature for each grid cell. Temperature data were
interpolated using a lapse rate of -6.50C/km to adjust temperature from the station to the
grid cell elevations.  Wind speed data at ¼ degree were obtained by interpolating 2.50 x
2.50 daily data from NCEP-NCAR Reanalysis (Kalnay et al., 1996) to the ¼ degree
model grid cells.

For minimum and maximum temperature and wind values, we downloaded the Surface
Summary of Day Data (SoD) records from the National Climate Data Center (NCDC).
This data is station (point) data and archived in ASCII format. It was determined that
1254 stations are located within a rectangle with lower left corner at 86 degrees East and
12 degrees South and upper right corner at 140 degrees East and 36 degrees North. For
the time period January 1997 through September 2000 1368 daily files were constructed
for temperature and wind. There were five missing days where by grids were created by
temporal interpolation. Although this data also includes precipitation values, it was
judged that the gridded data from GPCP and TRMM are superior rainfall products, and
thus the SoD precipitation data were not used. The daily point data files for wind and

Figure 2.61. Meteorological data
stations used for
interpolation to surface
climatology
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temperature were then interpolated using an inverse-distance-weighted algorithm built
into ArcInfo and converted to grid format.

b)   Streamflow  Data. Daily and monthly discharge observations were obtained initially
from the Global Runoff Data Centre (GRDC, Koblenz, Germany) and the Mekong River
Commission (MRC, Phnom Penh, Cambodia). The data from GRDC were discontinuous.
The data records for the 51 GRDC stations all began in January 1979 or later and ended
in December 1993 or earlier. The data for the MRC stations (Fig. 5.62) were typically for
the period January 1980 through December 1999. All the stations obtained from GRDC
and MRC are located in the Lower Mekong basin countries of Thailand, Laos, Cambodia,
and Vietnam. Data from MRC and GRDC were merged, whenever possible, to give a
more complete time series of streamflow measurements. Only those stations having a
minimum drainage area of ten VIC grid cells (equivalent to approximately 1% of the total
basin drainage area) and a minimum record length of five continuous years were used in
this study. Because no station on any of the Mekong tributaries in Laos satisfied the latter
criterion, one station on each major tributary in Laos was selected. Very recently
(December, 2003) we acquired the most recent records from the MRC (with records back
to 1910, for Stung Treng). While we obtained these data too late to be used in the VIC
modeling here, we do present results of direct analysis.

The data from the 16 selected stations were used to evaluate VIC model output on
the main-stem of the Mekong and its major tributaries. The observations reflect, in some
cases, the effects of upstream regulation, whereas the VIC model simulates streamflow
under natural flow conditions. However, the current reservoir system in the Mekong
basin has a negligible effect on discharge at a monthly time step, so the comparison of
VIC simulated streamflow data with monthly observations is justified. For all model
calibration and validation purposes in this study, only observed monthly data were used.

Figure 2.62. River stage and
discharge stations of the
Mekong River
Commissions (MRC)



115

2.2.8. DHSVM (The Mae Chaem)2.2.8. DHSVM (The Mae Chaem)

Deforestation and upland cultivation in the Mae Chaem watershed in Chiang Mai,
Thailand, are believed to be the cause of lowland flooding and lack of dry season water
supply. One purpose of this study was to simulate and analyze the historic and current
seasonal and annual characteristics of hydrologic response in Mae Chaem. The second
objective was to forecast the stream flow regime and annual water yield based on three
future scenarios of land-use change, with the focus on the conversion from forest to
croplands and vice versa. Because the agriculture in this region relies on irrigation, the
comparisons of the results both with and without irrigation diversion were considered.
The project also aims to evaluate the far-field effect of stream flow due to the spatial
variation in land-use change. This modeling work can be a useful tool for water resource
management and flood forecasting for small catchments undergoing rapid
commercialization.

2.2.8.1. DHSVM: 2.2.8.1. DHSVM: The  Hydrology Model.The  Hydrology Model.

The physics as represented by the Variable Infiltration Capacity (VIC) model (Section
2.2.7) would not accurately represent the steep topography and finer-scale issues of the
Mae Chaem basin. As noted, VIC is conceptualized as a larger, regional scale model. As
such, its application to smaller-scale basins and sub-basins, such as the Mae Chaem, is
questionable. So to examine problems at this scale, we opted to use a higher resolution
hydrologic model, the Distributed Hydrology Soil Vegetation Model (DHSVM,
Wigmosta et al, 1994) (Fig. 2.63). Unlike VIC, DHSVM is intended for small to
moderate drainage areas (typically less than about 1000 km2), over which digital
topographic data allows explicit representation of surface and subsurface flow.  Like
VIC, it represents runoff generation via the saturation excess mechanism.  Unlike VIC, it
explicitly represents topographic effects, including the formation of perched water tables
on runoff generation and incident solar radiation (hence net radiation), as well as
vegetation and its properties (like root depth) and soil parameters, on a pixel-by-pixel
basis. The model grid resolution typically is 30-150 m, several orders of magnitude
higher than VIC.  However, because of the large computational burden (and data
limitations), DHSVM is restricted to relatively small catchments.  We have conducted
some limited experiments comparing the sensitivity of DHSVM and VIC to vegetation
change (Van Shaar et al, 2002).  Although the macroscale performance of the two models
is similar in gross features (e.g., ability to reproduce seasonal fluctuations in runoff),
there are important differences in predicted runoff and other surface fluxes, especially at
shorter time scales.
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Figure 2.63. A schematic of the DHSVM (Distributed Hydrology Soil Vegetation Model)

2.2.8.2 Development of the Geospatial Model of the Mae Chaem Basin2.2.8.2 Development of the Geospatial Model of the Mae Chaem Basin

Sharp vegetation and relief (and relatively sparse data) characterize the Mae Chaem
(Chaem River) watershed. The total basin area above river gage station P.14, operated by
the Royal Irrigation Department (RID) is 3,853 km2. The basin has a wide range of
elevation, with the highest peak at Doi Inthanon (Mount Inthanon) summit, 2535 m.a.s.l.
and the lowest point is 282 m.a.s.l. (Kuraji et al., 2001). The altitude variation induces
different climatic zones and distinctive types of natural land cover. The dominant
vegetation are dry dipterocarp and mixed deciduous forests below 1000 m, tropical pine
forest from 900 – 1500 m, hill evergreen forest at higher elevations up to 2000 m, and
Tropical montane cloud forest above 2000 m (Dairaku et al., 2000 and Kuraji et al.,
2001). The sloping hillsides are one common landscape element, with maximum slope
inclination more than 25%. This feature leads to natural soil erosion and prevents
advanced soil development. Therefore, the soil horizon is relatively shallow and has
limited water-holding capacity (Soil survey and Hansen, 2001).

Flow Network . The topography for the Mae Chaem was initially obtained as a 30-m
digital elevation model (DEM), acquired from the International Center for Research in
Agroforestry (ICRAF), Chiang Mai. This 30-m DEM was then aggregated to 150-m
resolution (Fig. 2.64) using a mean calculation. The flow direction, flow accumulation,
and stream network were derived from the DEM at 150-m resolution. The soil depth was
generated by DHSVM, based on the DEM and was adjusted during model calibration.
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Figure 2.64. Mae Chaem topography, soil depth, and flow direction grids (left to right)
represented by the 150-m DEM

Soil map and attributes. Soil data in the Mae Chaem are very sparse and restricted to the
lowlands. Therefore, a soils map containing physical and chemical properties was
extracted from the Soildata program. This program generates 5-minute resolution soil
data based on the Global Soil Database developed by the ISRIC and FAO. The soil map
was resampled to 150-m resolution.

Vegetation and Land Use.  Two landcover datasets form the basis for the landcover
change scenarios in the hydrology model. The original classification schemes of these
data vary significantly, so modifications were made to the schemes to achieve similarity
between the landcover data. The first dataset in the time series is a historical 1989 dataset
(Fig. 2.65a), acquired from the Land Development Division (LLD), Ministry of
Agriculture, Thailand.  This data, originating as polygons, was converted to a 150m raster
grid representation using a nearest-neighbor assignment algorithm. The data was then
generalized into 11 classes (Fig. 2.65c), from its original 47. The second dataset
represents landcover for the year 2000, referred to as the current landcover (Fig. 2.65b).
This dataset, also from the LDD, was prepared for our model using the same procedure as
that of the 1989 data. However, the original 47 class names in this dataset differed from
those in the 1989 data. We reconciled the class names by performing a combinatorial
analysis between the 1989 reclassified dataset and the 2000 original data. In this way we
were able to establish a correlation between the 11 classes in 1989 and the 47 original
classes in 2000.  This type of spatial overlay analysis returns not only the frequency of all
unique combinations of landcover type, but also a map product of the spatial
commonalities. A plot was made to identify the frequency of occurrence between a 2000
value (1 to 47) and a 1989 value (1 to 11). Based on this plot, the 2000 vegetation values
were re-assigned a value consistent with the frequency distribution of shared space with
the 1989 dataset (Fig. 2.65d).
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Figure 2.65. Mae Chaem landcover (a) original 1989 historical, (b) original current 2000, (c) re-
processed 1989, (d) re-processed 2000 data sets

Future Scenarios.  Five future scenarios, forecasted to the year 2010, were created with a
focus on the conversion of cropland to forest (Fig. 2.66). The first scenario represents the
reversal of all cropland back to evergreen needleleaf forest in the area above 1000
m.a.s.l., and to deciduous broadleaf forest below 1000 m.a.s.l. The second scenario
depicts the replacement of all forest types (class 2-5) to croplands above a strategic point
A. This point was chosen because of its location on the main stem above which the
largest portion of forests changed to croplands from 1989 to 2000 (see section 4.3.3 for
details). The third scenario forecasts the doubling of cropland area from 2000 by growing
a buffer of new crop cells around all existing crop patches. This ultimately increased the
total basin area of cropland from 10.4% in 2000 to 19.9% in 2010 (Table 2.6). Finally,
the fourth and fifth scenarios depict a doubling of cropland that is limited to either the
highland basin (above 1000 m.a.s.l), or to the lowland basin (below 1000 m.a.s.l). Growth
of cropland limited to the highland basin increased the total basin area of crops to 18.0%,
while growth of lowland crops increased the total basin area of cropland to 19.1% (Table
2.6). In both cases, a buffer was grown around existing crop patches in the selected
elevation range, while crop patches in the unselected elevation range remained the same
as in 2000.
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Figure 2.66. Landuse conversion scenarios

Table 2.6.  Summary of total crop areas in all land cover data sets.

Land cover set % Croplands
in the basin

1989 10.3
2000 10.4
Scenario I: Crop-to-forest 0
Scenario II: All crops above point A 62
Scenario III: Double crops 19.9
Scenario IV: More upland crops 18.0
Scenario V: More lowland crops 19.1

2.2.8.3.  Climate Forcing and Hydrology Data2.2.8.3.  Climate Forcing and Hydrology Data

a) Climatology. Daily rainfall and maximum and minimum air temperature records for
the period of 1993-2000 were available from five meteorological stations and one
agrometeorological station (Table 1). Doi Inthanon (DO) and Wat Chan (WA) stations
are operated by the Royal Project Foundation, and the secondary data was obtained from
both ICRAF and the Royal Project Foundation. The Research Station (RE) belongs to the
Gewex Asian Monsoon Experiment-Tropics (GAME-T), led by the University of Tokyo,
Japan. Mae Jo Agromet (TMD327301), Mae Hong Son (TMD300201) and Mae Sariang
(TMD 300202) stations are managed by the Thai Meteorological Department (TMD).
Sub-daily interpolation of temperature, radiation, and humidity were generated by
compiling the VIC model to only output sub-daily climate data (Maurer et al., 2002). The
wind speed is assumed to be 2 m/s for all stations, except for RE and TMD327301, which
have average daily wind speed records. The vegetation and soil parameters used for
computing the disaggregated climate records were taken from VIC sample data
(http://www.hydro.washington.edu/Lettenmaier/gridded_data/forcing_data_sample.html).

Scenario I: 
Crop-to-forests 

Scenario II: 
All crops above

point A 

Scenario III: 
Double crops 

Scenario IV: 
More upland crops 

Scenario V: 
More lowland crops

Figure 4. Landuse conversion scenarios

Scenario I: 
Crop-to-forests 

Scenario II: 
All crops above

point A 

Scenario III: 
Double crops 

Scenario IV: 
More upland crops 

Scenario V: 
More lowland crops

Figure 4. Landuse conversion scenarios
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This algorithm assumes that the total daily rainfall is evenly distributed through
the sub-daily intervals. We then replaced the calculated 3-hour precipitation in 1998 –
2000 by observed records for all TMD stations.

Figure 2.67. Map of climate stations

Table 2.7.  Location and elevation of climate forcing stations

Station name Altitude(m.a.s.l.) Latitude (N) Longtitude
(E)

Wat Chan (WA) 990 19 o 04’ 98 o 17’

Doi Inthanon (DO) 2565 18 o 35’ 98 o 29’

Research Station (RE) 1100 18 o 31’ 98 o 18’

Mae Hong Son (TMD300201) 267 19 o 18’ 97 o 50’

Mae Sariang (TMD 200202) 212 18 o 10’ 97 o 56’

Mae Jo Agromet (TMD327301) 490* 18 o 55’ 99 o 00’
    * Estimated from DEM.

b) Stream flow. Daily average stream flow measurements were acquired for the basin
outlet at Kaeng Ob Luang (gage P.14), operated by the Royal Irrigation Department.
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2.3 Plausible land use change scenarios for northern Thailand

To make the land use change scenarios that are to be evaluated more realistic, a link was
made to ongoing studies for the Millenium Ecosystem Assessment for the Mekong basin.
These scenarios both help guide the generation of future landscapes as well as provide
context in which to interpret the implications of modeled outcomes. The main value
comes in their comparison rather than the plausibility of individual scenarios.

A set of four scenarios was developed for the Upper Ping River Basin placing
emphasis on contrasting evolution of amount and spatial distribution of land cover (Fig.
2.68). The four scenarios, “Fields and Fallow”, “Food Bowl”, “Parks and Cities” and
“Agro-forests”, in turn, can be thought of as being nested in larger scale scenarios about
national and regional global development, here given alternative names (larger boxes in
which main scenarios are nested). These larger scale scenarios are not discussed in
detailed here, but were intentionally constructed to as consistent as possible with those
being developed by Global Scenarios working group of the Millennium Ecosystem
Assessment. The scenarios at both scales differ in the assumptions they make about
economic development and social organization (Fig. 2.69 and 2.70).

In this study the four scenarios for the Ping Basin were applied to the Mae Chaem
sub-basin.  This was done in three steps.
Ø First, historical analysis of land-use change over the past 10 and 20 years were made

using multiple regression techniques. This required substantial effort at acquiring and
preparing datasets. In the end we adopted a consistent 1km and 10km grid-based
system to facilitate future cross-scale work for variables measured at various
resolutions. With the gridded system land-covers take on % cover values for each
cell.

Ø Second, soft models were constructed to make explicit some of the main assumptions
underlying each of the scenarios and how they could be articulated in a quantitative
landscape evolution model (Fig. 2.70).

Ø Third, a platform for modelling and visualization landscape evolution was built in
Visual C++.  This allowed us to both include systems of differential equations based
on regressions of land-use change on a set of categorically transformed predictor
variables and rule-based processes.  The first version of the model with which the set
of simulated landscapes presented here is based largely on modifying small subsets of
the underlying regression coefficients guided by the soft models.  Land-covers
modelled were: orchard, paddy, field crop, hi-value intensified crop, fallow/secondary
shrub, human settlements.  Other land-uses such as water bodies were assumed to stay
constant. Predictor variables were similar to those shown in the soft model diagrams
(Fig. 2.71), including, for example, elevation, past land use, estimates of travel times
and distance to water.
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Table 2.8.   Steps in the scenario development for Mae Chaem as part of the Ping river basin

Main steps in Preparation of the Scenarios narratives and landscape maps.
Ø Analysis of Historical Transitions to Derive Key Relationships
Ø Analysis of highly aggregated trends between land-use and other development

statistics for the Ping River Basin (Chiang Mai Province/Lamphun as focus)
Ø Spatial analysis of historical transitions for much more limited set of variables –

using disaggregation algorithms and multi-scale regressions (eg. As in CLUE
framework);

Ø Detailed analysis of LU changes in Mae Chaem to develop rules for different
kinds of upland areas

Ø Preparation of set of key constraint layers (elevation, river-network, main cities,
infrastructure) to use evolving the landscape

Scenario Set
Ø Liaison with users on primary axes to explore “scenario space” based on

preliminary set  (initial work on proposed framework  in Fig. 2.68)
Ø Finalize the framing scenarios with storylines
Ø Land-use evolution models
Ø Develop conversion rules and variants for each scenario (ie. Land-use change

models)
Ø Evolve landscapes under each scenario with snapshots
Ø Derive various landscape metrics at different scales to describe landscape

structures -> revisions or variants of scenarios
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Figure 2.68. Framework for development of socio-economic and embedded landscape evolution
scenarios.  Inner boxes represent the landscape scenarios and outer boxes the social
development contexts. These are arranged along axes of overall tree abundance and
spatial distribution. “More patchy” implies that forest patches are more contiguous and
distinct from other land-uses, whereas “Less patchy” implies smaller or less distinct
patches with trees. A second pair of axes describing variation in social economic
development can be overlaid on this framework to emphasize how the 4 scenarios differ
with respect to social organization (Figure 2.69).

Figure 2.69. Key axes variation in
landscape and social organization
in the proposed scenario set.
Levels of trade and the spatial
extent of institutional
arrangements are examples of
social connectivity.
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Agro-forests Parks

Figure 2.71. Conceptual models for evolving land-use in two of the scenarios.

Figure 2.70. Underlying assumptions in the
higher-scale scenarios about the
shape of development trends and a
few basic ecological and landscape
indicators. Time frame of the x-axis
in each panel is assumed to be
from present out approximately 50
years.
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3. Results3.  Results
3.1 Analysis of the empirical data sets
3.1.1 Mae Chaem and Way Besai primary data3.1.1 Mae Chaem and Way Besai primary data

A graphical display of multi-year data on rainfall and river flow for Mae Chaem
and Way Besai shows interesting patterns and lays the foundation for further analysis.

Way Besai, Sumberjaya Mae Chaem

Figure 3.1. The records of the discharge and rainfall of the  Way Besai for the 1975-1998 period
(left; the red line indicates the mean daily discharge over data period)and Mae Chaem for
the 1988-2000 (right);  at least some of the downward spikes in river flow in the Way
Besai record may reflect ill-functioning measurement equipment

We see the seasonal pattern of Mae Chaem reflected in both rainfall and river
discharge, while Way Besai has only a mild seasonal difference. The maximum daily
amounts of rainfall for Way Besai reach almost twice as high as those for Mae Chaem,
but otherwise a re-scaled version of the 6 wettest months in Mae Chaem would fit well
into the Way Besai record. The main difference thus is in the ‘dry season’, not so much in
the rains during the ‘rainy season. When we consider the river discharge data for Mae
Chaem in relation to the rainfall, we see that during the first half of the rainy season river
flow is a much smaller fraction of rainfall than in the second half. Apparently the
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catchment is making up for a water deficit from the dry season, before it conveys the
rainfall on to the streams.

The peak river discharge for Mae Chaem reaches 500 m3 s-1, while that for the
Way Besai is 110 m3 s-1. If we express both per unit area, however, the values amount to
11.0 and 13.6 mm day-1, respectively -- remarkably similar, and only 12 or 9%,
respectively, of the peak station-level rainfall record. There are, of course, a number of
problems with this analysis, that require further analysis:
Ø The station-level rainfall records cannot be directly extrapolated to the whole

catchment area (esp. for a property such as the maximum),
Ø The peak river flow record does not coincide in time with the peak rainfall record

in either of the data sets,
Ø The statistical distributions of both rainfall and river discharge are clearly skewed,

so statements about means and extremes need to be made with care.
We will have a closer look at the frequency distributions as such.

3.1.2 Mae Chaem 1988 - 20003.1.2 Mae Chaem 1988 - 2000
There is a statistically significant relationship (Fig. 3.2) between annual river

discharge and annual rainfall at the Mae Chaem station, with an estimated slope of 30%
and an intercept at 356 mm of rainfall. Mean discharge is 21% of the mean Mae Chaem
station-level rainfall, while there is some indication of a positive relationship between this
fraction and the annual rainfall, in line with the intercept. There was no significant trend
with time for either rainfall or river flow.

Figure 3.2. Relationship between annual discharge (upper panels) and discharge per unit rainfall
(lower panels) of the Mae Chaem river (P14 station) in relation to annual rainfall (left
panels) and year (right panels) for the rainfall recorded at the Mae Chaem town climate
station, for the period 1988 - 2000
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In the absence of a trend with time, we can pool the data over the period available and
look for the frequency distributions of both rainfall and river flow in the form of
‘exceedance’ probabilities (Fig. 3.3  -- compare fig. 1.13)

Figure 3.3. Exceedance probabilities for rainfall (Mae Chaem climate station) and river flow data
for 1988 – 2001, expressed on linear (upper panel) and logarithmic scale

When presented this way we see that the river flow has a considerably lower
maximum and higher minimum, but otherwise similarly shaped distribution. A
comparison of the shape of these two curves can lead to us a ‘buffering indicator’. The
amount of above-average river flow per unit above-average rainfall may meet both the
intuitive concept of buffering and be easy to calculate. As indicated in Figure 1.13, the
areas to the left of the rainfall and river flow curves would equal the total amount of
water involved, and the difference between these two values would be (approximately)
equal to the total evapotranspiration.

For Mae Chaem this buffering indicator (the above-average river flow per unit
above-average rainfall) is about 0.95 for the 1988 – 2001 period, and. does not show a
clear trend with time or annual total rainfall (upper panels in Fig. 3.4). A direct plot of
sorted daily rainfall versus sorted daily river flow indicates a straight line over most of



128

the range, with a slope of about 0.08, but also a few points exceeding the line that
indicates that the days with the highest river flow did not have matching days with high
rainfall (lower panel in Fig. 3.4).

3.1.3. Seasonal effects on buffering in Mae Chaem3.1.3. Seasonal effects on buffering in Mae Chaem
The difference that was noted in the discussion on Fig. 3.1 on the difference

between the first and second half of the rainy season was further explored by analysing
the frequency distributions of rainfall and river flow for four quarters of the ‘hydrological
year’, based on equal expected values for rainfall.

The results for the 1st and 2nd quarter of the annual rainfall year in Fig. 3.5 clearly
differ from those for the 3rd and the 4th quarter, with the greatest transfer of rainfall to
river flow for period 3 (which lasts little over a month). This pattern is consistent with a
build up of soil water deficit during the dry season (1st quarter), recharge during 2nd

quarter and rapid transfer to the river in the 3rd quarter when the soil stays close to field
capacity.

Figure 3.4. Exploration of the ‘buffering’
behaviour of the Mae Chaem river
relative to the rainfall at the Mae
Chaem climate station, as related
to annual rainfall or year of
observation; a direct plot of sorted
daily rainfall versus sorted daily
river discharge allows a check of
the homogeneity of buffering
across the full rainfall range; it
also tests for the conformity of the
two distributions
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Figure 3.5. Relationship between rainfall and river flow distributions for four quarters of the
hydrological year in Mae Chaem that each represent one quarter of the annual rainfall:
January 1st – June 4, June 5th – July 27, July 28th – September 1, September 2nd – Dec
31, respectively

3.1.4. Exploration on orographical effects on rainfall in Mae Chaem3.1.4. Exploration on orographical effects on rainfall in Mae Chaem

The long-term climate station at Mae Chaem town is in the lower part of the catchment,
and is unlikely to fully represent the catchment as a whole. Preliminary exploration of
elevational and orographic effects on space-time patterns of rainfall was done using 2-
year full datasets (1998-1999) of daily rainfalls as recorded by 13 stations in Mae Chaem,
obtained from GAME-T Project (Table 3.1).  In this analysis, we assigned one station as
the reference (POU station at Mae Chaem, for which long term records are available).
We use relative rainfall (Rr) and altitude difference (dZ), which are relative values to the
reference, to study the elevational effects in Mae Chaem.

In this exploration, we consider both seasonal patterns – linked to dominant wind
directions – and aspects of terrains toward the wind direction.  In Mae Chaem, we
recognized 2 main parts of the wet seasons, driven by southwest monsoon in April-
September period and northeast monsoon in October-March period (Figure 3.5). Based
on the DEM of the area using grid resolution of 1 km2, 13 stations used in this study are
located on terrains with dominant aspects toward northwest, southeast and southwest.
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Table 3.1. Rainfall stations in Mae Chaem used for this study (rainfall data obtained from GAME-
T Project).

No Station Aspect Elevation (m a.s.l.)
1. Ob Luang NW 380
2. Sirikit Plantation NW 1330
3. Mae Ning NW 1630
4. Mae Sa SE 650
5. Research Station SE 1100
6. Mae Yod SE 1180
7. Bo Kaeo SE 1400
8. Mae Klang SE 1540
9. Doi Inthanon SE 2565

10. POU SW 490
11. Wat Chan SW 990
12. Mae Long SW 1450
13. Mae Jon SW 1470

Figure 3.6.  Southwest and northeast monsoons, as two main seasons determining dominant
wind direction in Mae Chaem. POU is the reference station in Mae Chaem town

When considered at annual time scale, there is considerable spread in the elevational
effect (Figure 3.7).
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Figure 3.7. Overall relationship between relative annual rainfall total and difference in elevation
with Mae Chaem town.

To further explore the elevation effect we split the data by aspect and time of year, based
on the monsoon periods (Fig. 3.8). Differences in relative rainfall are larger in the
northeast monsoon (values up to 6) than in the southwest monsoon (values up to 2.5). We
interpret these results in the light of the position of Mae Chaem town in the ‘rain shadow’
of Doi Inthanon during the NE monsoon. The overall relationship between elevation and
rainfall depends largely on the southwest monsoon, as the slope of the line for the
northeast monsoon is close to zero.

Figure 3.8. Relationship between rainfall (relative to that at Mae Chaem town) and elevational
difference from Mae Chaem town for the southwest (left) and   northeast (right) monsoon,
respectively
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NW aspect against SW monsoon NW aspect against NE monsoon

SW aspect against SW monsoon SW aspect against NE monsoon

SE aspect against SW monsoon SE aspect against NE Monsoon

Figure 3.9. Relation between elevation and rainfall for the GAME-T rainfall stations in Mae
Chaem in the SW Monsoon period (left) and NE Monsoon period (right)
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Classification of the rainfall stations by aspect suggests (although the number of points
per class is small) that the elevational effect is strong for rainfall stations on positions
facing southwest and northwest, but weaker for southeast aspects (Fig. 3.9).
For the northeast monsoon period the relationship between relative rainfall and elevation
was weaker defined (lower percentage of variance accounted for by linear regression),
but still positive for northwest and southwest aspects. For stations with a southeast aspect
the elevational aspect during the northeast monsoon appears to be negative.

In conclusion, the rainfall station with the longest rainfall records is likely to give
an underestimate of the rainfall in the catchment as a whole. This may be particularly true
for the second part of the rainy season, during the northeast monsoon. During this period,
elevational effects are likely to be confounded by ‘orographic’ effects that include rain
shadows from the Doi Inthanon peak.

3.1.5 Way Besai river flow data 1975-19983.1.5 Way Besai river flow data 1975-1998

The primary data for rainfall and river flow in the Way Besai catchment show a seasonal
pattern that emerges despite the considerable year-to-year variation (Fig. 3.1). Over the
1975 – 1998 period of the data, the relationship between river flow and rainfall has
changed markedly: the ratio of river flow and rainfall has increased from around 0.5 to
0.7 (fig. 3.10). This increase in the relative flow occurred during a period with a negative
overall trend in rainfall (Fig. 3.11D). The increase in relative river flow meant that the
number of days where river discharge exceeded 25 m3 s-1, the target value in the technical
design of the run-off hydro-electricity generator operated by PLTA Way Besai has
increased significantly with time (Fig. 3.11 C).

Figure 3.10. Ratio of annual total river discharge and rainfall (both expressed per unit area) for
the Way Besai in the period 1975 – 1998
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Figure 3.11. Number of days per year that the discharge of the Way Besai exceeds discharges in
the range of 5 – 45 m3 s-1  (the run-off electricity generator operates at maximum capacity
for a daily discharge of 25 m3 s-1)

Figure 3.12. Change with time in the number of days that the Way Besai meets a target
discharge of 15, 25 or 35 m3 s-1, and the annual rainfall over the 1975 – 1998 period
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Figure 3.13. Relationships between daily river discharge and rainfall on the same day (A), the
day before (B) or a moving average involving the day itself and the two preceding days
(with weights of 0.4, 0.4 and 0.2, respectively) (C) or the preceding three days (0.2, 0.4,
0.3, 0.1) (D)

A further analysis of the data and the way river flow responds to daily rainfall is needed,
but the direct concern expressed by the PLTA Way Besai of a reduction in the number of
days that the turbines will be able to function due to changes in river flow is not
supported by the data available.

On a daily basis, however, the relationship between rainfall and river flow is less
obvious than it is for the annual total. The response of the river takes some time to appear
and to subside after each rainfall event. However, if in figure 3.8 relationships are
explored between rainfall on the day itself, rainfall on the day before and two types of
moving average (I: 0.4, 0.4, 0.2; II: 0.2. 0.4, 0.3,0.1, as weights for rainfall on the day
itself and the days before, respectively), there is only a slight improvement in the
percentage of variance accounted for. A possible explanation for this effect in the form of
spatial variability of rainfall will be explored in section 3.4.



136

Figure 3.14. Rainfall and river flow exceedance graphs for Way Besai in the period 1975 – 1998

River discharge and rainfall distributions are generally conform, as shown by the vast
majority of points that fit on a straight line (Fig. 3.10); the top 15 points (out of a total of
8000 for 22 years), however, deviate from the line. All these points derive from the last 8
years of the time series. By splitting the time series into three parts with 7(+) years each
(Fig. 3.11), we can see a gradual shift in slope of the line (consistent with increase in total
water yield per unit rainfall). In the last 7 years we see that rainfall events of about 50
mm are associated (in the ranking…) with river discharges that are disproportionately
high. For the highest recorded rainfall events, however, the discharge returns to the initial
slope of the line.

Our tentative interpretation of these data is that in the 1990’s for rainfall events
around 50 mm day-1 we see an increase in runoff fraction linked to changes in the soil
after the substantial land cover change of the 1980-‘s. However, for the highest events,
ban overflow in the lower section of the river is an important feature in overall buffering,
and this part of the overall buffering is still intact.
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Figure 3.15. Buffer indicator 0.74 for period as a whole (1975-1998) and 0.78, 0.71,0.62 for the
periods 1975-1981, 1982-1988 and 1990-1998, respectively.

Earlier analysis of the hydrographs by Sinukaban et al. (2000) used a peak flow
separation technique on data for 5 years with comparable total annual rainfall. Estimates
of total evapotranspiration were obtained by subtracting discharge from rainfall total, and
indicate a remarkable decrease with time. Both quick flow and base flow (with the
operational definitions used in the study) increased relative to rainfall, but the percentage
quick flow remained approximately constant at 17 – 22%. This ratio is slightly below
what the ‘buffering indicator’ (or its complement) suggests as proportion of flow directly
associated with rainfall peaks.

Table 3.2 Water balance Sumberjaya (mm) as derived by Sinukaban et al. (2000)

Component 1975 1980 1985 1991 1995
Rain 2531 2797 2959 2459 2663
Evapo-transpiration 1162 1119 1166 741 662
Quick-flow 237 293 382 374 342
Base-flow 1132 1385 1411 1344 1659
%Quickflow 17 17 21 22 17
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3.1.6. Seasonal effects on buffering in the Way Besai catchment3.1.6. Seasonal effects on buffering in the Way Besai catchment

Splitting the hydrological year for the Way Besai into four quarters that each represent
one quarter of the annual rainfall total (Fig. 3.16) leads to smaller seasonal difference in
buffering than we found for Mae Chaem (Fig. 3.5). The third quarter (which represents
the longest period and thus the lowest mean daily rainfall rate), the slope of the
relationship between rainfall and river flow is the lowest (highest ‘buffering indicator’)

Figure. 3.16. Relationship between rainfall and river flow distributions for four quarters of the
hydrological year in Way Besai that each represent one quarter of the annual rainfall: 1
Jan - 11 Mar, 12 Mar - 26 May, 27 May - 17 Oct, 18 Oct - 31 Dec respectively

3.1.7 Spatial rainfall patterns in the Way Besai catchment3.1.7 Spatial rainfall patterns in the Way Besai catchment

All rainfall stations for which measurements exist are in the valley of the Way Besai,
with little difference in elevation, so we cannot derive an elevational effect for the Way
Besai area. Analysis of the spatial patterns in rainfall for the Way Besai catchment by
Manik and Siddle (2003) (Fig. 3.17) shows that inter-station correlation of daily rainfall
drops to low values within a distance of 2 km. For monthly totals the correlation declines
more gradually with distance to a value of 0.6 at a scale of 20 km (the cross section of the
catchment). For monthly totals, however, there is no indication of consistent spatial
patterns within the catchment, so we ascribe the low correlation to a strongly patchy
process of rainfall in storms.
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Figure 3.17. Decrease of inter-station correlation of daily (left) and monthly (right) rainfall for the
Way Besai catchment (Sumberjaya, Lampung, Indonesia) of the Tulang Bawang river;
data for one station indicated by the squares showed very little correspondence with any
of the others, and was left out of the regression line  (based on: Manik and Siddle, 2003)

3.2 Hydrologic null-model of a forest conversio- degradation–rehabilitation cycle

Results for the null-model give an ‘order-of-magnitude’ representation of the possible
longer-term changes in the water balance under the impacts of land use change. The null-
model ignores most of the dynamic interactions between terms of the water balance, but
does indicate a key trade-off in land cover change: changes in aboveground water use by
vegetation and changes in the partitioning of rainfall over quick and slow flow pathways.

3.2.1 Step 1: removing forest cover increases total water yield of the catchments3.2.1 Step 1: removing forest cover increases total water yield of the catchments

Removing forest cover is likely to reduce the amount of water intercepted and/or used by
the vegetation, to the tune of 300 mm year-1. In the absence, initially, of changes in soil
structure and infiltration capacity, most of this extra water may come as slow flows,
except when saturation effects cause an increase in the runoff fraction (Fig. 3.18).

Figure 3.18. A. Natural forests
typically use more water than open-
field agriculture (with most other land
uses intermediate); B. Removal of
the forest vegetation will increase the
total water yield, but the relative
increase depends on annual rainfall
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3.2.2 Step 2: increase in runoff increases peak flow and reduces base flow3.2.2 Step 2: increase in runoff increases peak flow and reduces base flow
After forest conversion to other land use, a stepwise degradation of soil structure

may be expected, that will lead to a shift from slow flows to quick flows, at constant total
water yield (Fig. 3.19). An initial increase in slow flows will be offset by greater runoff.

Figure 3.19. River quick flow and slow flows as a function of annual rainfall as affected by a
change from natural forest to open-field agriculture, for a range of impacts on the run-off
fraction (upper two graphs for a forest run-off fraction of 0.1; lower two graphs for a forest
run-off fraction of 0.3, typical for steeper terrain, shallower soils and/or more intense
rainfall)

Regardless of the runoff fraction under forest condition the break-even point for slow
flows is obtained in the situation where the reduction in water use equals the increase in
run-off fraction times the annual rainfall. For our numerical example: at 3000 mm year-1

for an increase in run-off fraction of 0.1, at 1500 mm year-1
 for an increase in run-off

fraction of 0.2, at 1000 mm year-1
 for an increase in run-off fraction of 0.3 or at 750 mm

year-1
 for an increase in run-off fraction of 0.4.
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3.2.3 Step 3: Reforestation causes a decrease in total water yield and base flow3.2.3 Step 3: Reforestation causes a decrease in total water yield and base flow

In the landscape rehabilitation phase, when tree cover increases, we can expect a
relatively fast increase of total water use and a slow recovery of infiltration (reduction of
the run-off fraction))

Figure 3.20. Expected changes in absolute and relative quick flows and slow flows in response to
reforestation and a subsequent reduction in run-off fraction, for a situation where the run-
off fraction had increased to 0.45 and the increase in water use is approximately 300 mm
year-1; circles indicate ‘break-even’ points where negative impacts of reforestation on
slow flows turn into positive effects, depending on the reduction in the runoff fraction

Reforestation can always be expected to reduce quick flow in the river and total water
yield, but the impact on slow flows depends on the decrease in run-off fraction; the
break-even point again is based on the difference in total water use, total rainfall and the
change in run-off fraction, with a neutral effect at a rainfall of 3000 mm year-1 for a
change in runoff fraction of 0.1, at a rainfall of 1500 mm year-1 for a change in runoff
fraction of 0.2 or at a rainfall of 1000 mm year-1 for a change in runoff fraction of 0.3.

For all three phases of the process we see that changes in the run-off fraction, and
the degree of reversibility of soil degradation, are of crucial importance.
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Figure 3.21. Cross section of changes in slow flows and quick flows across a land use change
trajectory, assuming an increase in the run-off fraction of 0.2 and 0.4 during the initial and
serious degradation phase, and a recovery of 0.2 during long-term rehabilitation; negative
estimates of ‘slow flows’ indicate values of zero with likely limitations to tree water use
and growth

In looking at the net effect of a change in land cover on 'slow flow' (i.e. flow through
pathways other than overland flow -- admittedly part of this can be 'soil quick flow'), we
need to offset the difference in total water use (generally of the order of 300 mm year-1 or
less, except for rainfall patterns that lead to very high interception losses) against the
difference in amount infiltrating. A simple calculation shows that for annual rainfalls of
1000 mm year-1, this requires a change in effective infiltration of 30% of the rainfall (so
e.g. from 40% runoff to 10% runoff), at 1500 mm year-1 a change of 20% and at 3000
mm year-1 a change of 10%. With negative changes of 20% easily feasible under` soil
degrading and runoff-facilitating land use change, we can expect a negative impact on
soil-infiltration-dependent river flow for forest conversion at 1500 mm year-1 or higher,
but see that at rainfall amounts less than 1000 mm year-1, a strong degradation is needed
before we expect negative effects on dry-season flows. This simple calculation also
shows that 'rehabilitation' hinges on substantial changes in effective infiltration rates, with
the increase in total water use usually more rapid than a change in soil structure and net
infiltration.

The ‘null-model’ thus shows that an internally consistent representation of the
hydrological impacts of land cover change can treat changes in total water use and
changes in the run-off fraction as operating at different time scales. The aboveground
changes, probably directly linked to a major part of biodiversity, but only accounting for
effects on total water yield, not for its partitioning over slow and quick flows, can occur
considerably faster than the changes in soil structure that dominate runoff. Again, this
points towards a considerable decoupling of biodiversity conservation and watershed
function issues.
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Progress over and beyond the null-model will hinge on a better understanding of
the changes in the run-off fraction that can be causally linked to forest conversion,
degrading practices and rehabilitation efforts.

3.3 WaNuLCAS analysis of changes in infiltration after forest conversion
3.3.1 Comparing lateral flow modules of the FUSSIM and WaNuLCAS models3.3.1 Comparing lateral flow modules of the FUSSIM and WaNuLCAS models

The WaNuLCAS as well as GenRiver model operate on a daily time step, while the
dynamics of infiltration of rainfall into soil may change at a minute or even second time
scale, depending on variation in rainfall intensity during storms and the impact of
changing soil water content on the capacity of the soil to absorb and transport water. The
hydraulic conductivity depends strongly on soil water content. To test the validity of the
approach we take at a daily time stop, we compared WaNuLCAS with the detailed soil
physical model FUSSIM, for a wide range of soil textures, for a unit of land with a slope
of 15-90%. Both models use the same basic representation of soil water retention, so the
main degree of freedom for deviation is in the allocation of out flowing water over lateral
(overland and subsurface) and vertical pathways, and in the change in lateral flow
fraction within the unit of land considered.

Both models predict an increase in lateral flow with increase in slope (Fig. 3.22),
but they differ in the relative importance of position on the slope.  Increments in lateral
flow fraction estimates from the lower to higher position on the slope are larger in
WaNuLCAS than in the FUSSIM simulations.  Soil texture appears to be relatively
unimportant in the prediction of lateral flow, probably because conductivity in horizontal
and vertical directions changes proportionally in both models.  In WaNuLCAS the effect
of texture is almost constant, with a slight increase for clay soils.  In FUSSIM the effect
of texture is curvilinear, with a decrease for clay soils.  A different performance between
the two models occurs mainly for clay content higher than 60%.  This is due to a
difference in the basic assumption.  WaNuLCAS calculates soil water content on a daily
basis and the maximum soil water content is at field capacity.  Any water beyond field
capacity would be channeled through vertical flow (drainage) or horizontal flow (lateral
flow).  Lateral flow is a uni-flow (water can only flow downwards).  In FUSSIM soil
water content is calculated at finer step (may be 10-5 day), where soil water content may
reach saturation.  A bi-lateral flow occurs, enabling water to move upwards (‘capillary
rise’) as well as downwards. Capillary rise occurs mainly in clay soils.

We can conclude that the relatively simple WaNuLCAS approach in modeling
lateral flow is feasible in sandy and sandy-loam soils, but that predictions in clay soils
have to be interpreted cautiously.
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Figure 3.22. Result of WaNuLCAS and FUSSIM simulation on lateral flow

Table 3.3.  Slope (a) and percentage of variation accounted for (R2) of regression equation of
daily values (YPTF = a YPTFRDB) for a 10 year WaNuLCAS simulation of a tree-maize
system, based on actual field measurements for 6 soils or estimates derived from the
PTFRDB database; for maize yield the equation used was YPTF = a + b YPTFRDB. Slope
parameters > 1.2 or < 0.8, and R2 values < 0.8 are printed in bold.

Vertisols Inceptisols Alfisols Mollisols Ultisols Entisols
a R2 a R2 a R2 a R2 a R2 A R2

θ0-100 1.15 0.86 0.92 0.79 1.11 0.97 1.10 0.96 0.95 0.99 1.22 0.49
ET-maize 1.02 0.94 0.97 0.99 1.00 0.99 1.02 0.99 0.99 0.99 1.00 0.99
ET-tree 0.99 0.66 1.15 0.61 1.05 0.80 0.94 0.81 0.99 0.82 0.84 0.53
E-soil 1.01 0.67 0.81 0.73 0.89 0.86 1.07 0.81 0.98 0.88 1.27 0.97
E-interception 1.02 0.99 0.98 0.98 0.99 0.99 1.01 0.99 0.98 0.99 0.97 0.99
Runoff 0.76 0.90 0.92 0.96 1.04 0.99 1.00 0.99 0.97 0.99 0.95 0.99
Drainage 1.29 0.71 0.86 0.90 0.93 0.98 1.00 0.99 1.03 0.99 1.08 0.97
Lateral Flow 1.16 0.58 0.76 0.72 0.85 0.96 1.09 0.99 1.07 0.98 1.22 0.95
Maize yield     a 0.68 . 0.45 . 0.55 . 0.08 . 0.01 . 0.77 .
                        b 0.92 0.89 0.88 0.98 1.12 0.94 1.01 0.98 0.98 0.98 0.72 0.96
Wood yield 1.15 0.96 0.92 0.79 1.11 0.97 1.10 0.96 0.95 0.99 1.22 0.99
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3.3.2 Validity of pedotransfer function3.3.2 Validity of pedotransfer function

As discussed in more detail by Suprayogo et al. (2003), in the WaNuLCAS simulations
based on the pedotransfer functions, differences between soil types were simulated
consistently, although on various soil types one or more of the processes of the water
balance appeared to vary with the way input parameters were derived. For crop yields,
tree wood production and cumulative water balance terms, however, these impacts were
small, with the largest consistent difference in the partitioning between surface runoff and
vertical drainage on the vertisol.

Figure 3.23. Cumulative effects on the terms of the plot-level water balance, for the simulations
of Table 3.3
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F. Maize transpiration (Tc)
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H. Soil water lateral flow (LF)

Cumulative LF (mm) from measured data for PTF's
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We conclude that the difference in model predictions on a daily scale between versions
that are based on detailed parameterization and versions based on coarser estimates do
not lead to problems when longer time frames are considered, except for differences in
overland flow. For other processes the temporary storage of water in soil leads to strong
compensatory effects: an overestimate of a uptake or drainage on a given day will lead to
a ‘self-correcting’ underestimate on the following days. Correct prediction of the
infiltration versus surface runoff fate of water that reached the soil surface is, however,
dependent on the assumptions about soil physical properties, and can influence the results
at both daily and longer time steps.

3.3.3 Run off in WaNuLCAS3.3.3 Run off in WaNuLCAS

A validation test was made for WaNuLCAS prediction of surface runoff in a ‘chronose-
quence’ of plots that are supposed to represent changes with time after forest conversion
to coffee gardens with ages of 0 – 10 years in Sumberjaya (Way Besai), West Lampung,
Indonesia.

Figure 3.24. A, B. Sensitivity analysis of WaNuLCAS simulations of run off during a 1 year cycle
in 1-year old coffee gardens on 30% slope in Sumber Jaya (Lampung, Indonesia), for
variations in mean rainfall intensity (with an assumed coefficient of variation of 0.3;
assumed potential rate of surface infiltration  1000 mm day -1) and a range of potential
surface infiltration rates  at a mean rainfall intensity of 50 mm hour-1. C. Runoff data for
small plots in forest and 1-10 year old coffee gardens (unpublished data Brawijaya
University)

A B

C
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An earlier version of the model used a mean value of ‘rainfall intensity’ to compare the
supply of water at the soil surface with the potential rate of infiltration. Most of the runoff
predictions originated from ‘saturation overland flow’, where the rainfall exceeded the
antecedent soil water deficit. In a graph of rainfall versus predicted runoff, the model
predicted an ‘infiltration intercept’ (an amount that could be absorbed) and a ‘marginal
rate of runoff of close to 1 above this intercept. This pattern, a logical consequence of the
assumptions, is on contrast with empirical data that tend to show a ‘marginal rate of
runoff’ of say 10 – 30% with a smaller intercept (Fig. 3.24 C; the regression analysis
suggests a runoff coefficient of 0.29 and an x-axis intercept of 8 mm day-1). A ‘broken
stick’ interpretation with a larger X-axis intercept and a steeper slope is, however,
consistent with the data as well.

Model adjustments that lead to the current WaNuLCAS version have included a
statistical distribution function for rainfall intensity. Sensitivity analysis of the model for
changes in mean rainfall intensity (Fig.3.24 A) and surface infiltration rate (Fig. 3.24 B)
suggest that a rainfall intensity of 30 mm day-1 (with a coefficient of variation of 0.3) and
a potential surface infiltration rate of about 500 mm day-1  can reproduce the clouds of
points that we obtained in the field (the simulations represent a full year, the field data
presented here only 3 months).

The main impression these field data may leave behind is that at the scale of the
measurement plot there is a large variation between replicates and between rain events of
similar total rainfall. At the scale of streams and rivers much of this variation may be
reduced and descriptors of the means, such as the regression equation, are acceptable for
general trends, but may underestimate ‘local hazard’ at scales below, say, 1 km2.

Figure 3.25. WaNuLCAS simulations and measured data of surface runoff during a 3-moth
period, for 3 values of the ‘soil structure decay rate’ (at a decay rate of 0 day -1 there is
supposedly no build up of new structure either)

The ‘chronosequence’ data suggest that important changes occur in runoff after forest
conversion, with the highest surface runoff in 3-year-old gardens. The WaNuLCAS
model allows to dissect the aboveground and belowground components of these changes:
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the growth of coffee plants will lead to a partial recovery of canopy interception and
vegetation water use (although not to the level of the original forest), and this will lead to
a reduction of surface runoff with time, in a monotonic fashion (filled circles in Fig.
3.22). When we add the concept of a dynamic soil structure, we can obtain the ‘humped’
patterns where surface runoff peaks in 3-year old coffee gardens, as the forest-soil
macroporosity has declined and the rebuilding of structure based on surface mulch (litter
fall) and biological activity is still in an early phase.

The relatively simple description of soil structure decay and build-up appears to
be, at least qualitatively, sufficient to represent the types of changes that the field data
suggest. Given the large spread in the data at the individual event level, we cannot expect,
at this stage, to have sensitive tests of more elaborate models.

Figure. 3.26. A, B Relationship between bulk density of the soil (relative to a reference values
derived from agricultural soils of the same texture and soil organic matter content) and
the saturated hydraulic conductivity of the soil that is important in the infiltration process,
based on the pedotransfer function used in the WaNuLCAS model; dynamic changes in
soil structure can be related to equivalent changes in soil conductivity based on the
relationship in panel C

The pedotransfer model that is used in WaNuLCAS, based on a large but dominantly
temperate zone database, suggests a relationship between bulk density of the soil, relative
to what one would expect given soil texture and soil organic matter content, and the
saturated hydraulic conductivity
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In conclusion of this section, we can state that dynamical changes in soil structure
after conversion from forest to coffee gardens can be simulated in a way that is consistent
with existing field data for Sumber Jaya, building onto global data sets and ‘pedotransfer’
functions. The results can be tested at the level of ‘statistical distributions’ rather than
individual events, as key variables such as rainfall intensity during storms and small-
range variation ion soil structure is only known at the distribution level

3.3.4 WaNuLCAS predictions for intensification of crop-fallow systems in northern3.3.4 WaNuLCAS predictions for intensification of crop-fallow systems in northern
ThailandThailand

The WaNuLCAS simulation of a series of crop-fallow systems is summarized in Fig.
3.23 and Table 3.4

Figure 3.27 Predictions with the WaNuLCAS model of a series of land use scenarios that
represent intensification of crop-fallow systems based on upland rice in northern Thailand
(for details of the scenarios see Table 3.4)

Between the 8 scenarios the predicted total yield of rice would increase from 3.6 to 12.8
Mg ha-1 during 12 years of the various systems. The yield per crop would decline from
1.8 for scenario 5 to 1.4 for scenario 1 – which is substantially above the yield levels
recorded and suggest that some limiting factors exist that are not yet represented in the
model.

During each cropping cycle crop yields gradually declined, but relatively little.
The average decline factor for subsequent crop yields was 10.7% (or 9.7% if a
logarithmic average is preferred). Between the individual simulations we found that this
decline varied between 5 and 19%, and the use of a single parameter value (as in the 

FALLOW model) obviously misses out on some of the variation in real world.
The relatively slow decline in predicted crop yields is related to the fact that phosphorus
(P) rather than nitrogen (N) is predicted to be the dominant nutrient constraint to the
growth of upland rice on these soils. The increase in yields after a fallow period is also
modest, with predicted yield levels for a first crop declining only from 1.9 Mg ha-1 for the
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most extensive scenario tested (scenario 5) to 1.5 Mg ha-1  for the most intensive one
(scenario 1).

Table 3.4.  WaNuLCAS simulation results for a period of 12 years that is made up of different
lengths of fallow  (F) and cropping (C) periods. Trees start growth at day 280 in the years
specified. Slash-and-burn clearing cycles start at day 340 in the years indicated. Crop
growth (upland rice with 70 days of vegetative and 90 days of generative growth) starts at
day 120 in the years indicated. Mean rainfall over 12 years: 1215 mm year-1

Scenario 0 1 2 3 4 5 6 7 8
Code F 1*(1

1F+1
C)

1*(1
0F+2
C)

2*(5
F+1C
)

2*(4
F+2C
)

3*(3
F+1C
)

3*(2
F+2C
)

4*(1
F+2C
)

3*(1
F+3C
)

Ruthenberg factor 0 0.08 0.17 0.17 0.33 0.25 0.5 0.67 0.75
T_start year 0 0 0, 11 0, 6 0, 5,

11
0, 4,
8

0, 3,
7, 11

0, 2,
5, 8,
11

0, 3,
7, 11

S&B year 10 9 4, 0 3,9 2, 6,
10

1, 5,
9

0, 3,
6, 9

0, 4,
8

Crop year 11 10,11 5, 11 4,5,1
0,11

3, 7,
11

2,3,6,
7,10,
11

1,2,4,
5,7,8,
10,11

1,2,3,
5,6,7,
9,10,
11

Water balance
(%)
Interception 17.1 15.6 13 13.3 10 11.7 7 4.4 3.6
Surface_Runoff 0.6 0.4 0.7 0.8 0.9 0.6 1.2 1.4 1.9
Soil_QuickFlow 0.2 1.3 1.9 2 2.8 2.2 3.5 4.5 4.9
Drainage 2.2 5.1 7.8 6.8 11.6 8.2 15 19.7 21.7
Soil_Evap 0.5 2.5 4.6 4.6 8.1 6.3 11.9 16.3 18.3
Crop_Transp 0.0 2.4 4.4 4.9 10.4 8 12.6 16.3 17.4
Weed_Transp 2.9 5.1 6.9 14.8 10.1 16.8 15.2 17.6 18
Tree_Transp 76.6 67.6 60.7 52.9 46.1 46.2 33.4 19.7 14.1
Agronomic yields
Rice yield, Mg ha-1

year-1
0

0.18 0.30 0.41 0.58 0.66 0.83 1.05 1.07
Days of work/ha 0 249 251 458 654 668 867 1061 859
First crop yield,
Mg ha-1

0 2.21 1.89 2.45 1.73 2.74 1.76 1.68 1.51

kg rice/day of
work

0.0 8.7 14.3 10.7 10.6 11.8 11.5 11.9 14.9

 It is generally thought that crop yield decline is associated with decreasing soil
fertility and increasing weed infestation. However, it was shown that soil organic matter
content in the early and late fallow fields in a chronosequence study of soil fertility in the
forest-fallow shifting cultivation system were comparable (Wangpakapattanawong,
2001). Therefore, it is unlikely in this system that soil fertility decline linked to N supply
is a major contributing factor of yield reduction in subsequent cropping.
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Across the five scenarios the total water yield was predicted to increase
substantially with increasing cropping ratio, but there is little change in partitioning over
‘peak flow’ and ‘base flow’; 75-77% of total water yield is expected to come as ‘base
flow’ through a deep soil pathway, and 23-28% of the ‘peak flow’ is expected via a
surface runoff pathway, with the remainder (72-77%) via a subsurface lateral flow or
‘soil-quick flow’ pathway.

3.4 SpatRain experiments

Daily rains were generated using SpatRain across the meso-scale catchment area of
Sumberjaya, Lampung, Sumatra (about 500 km2), which is formed by 15 sub catchments
based on contributory streams identified by a digital elevation model, using a grid
resolution of 1 km2 (Figure 3.28).  Existing rainfall data for this area were analyzed for
spatial patterns by Manik and Sidle (2003).  Eighteen points were chosen randomly
across the catchment to check simulated cell-level rainfall sequences. Actual daily
records were obtained from 21-year time series of one station, which is located 3.5 km
from the catchment center (i.e. Pajarbulan; other rainfall stations have shorter time series
but are probably not significantly different in means or variance measures (Figure 3.13);
Manik and Sidle (2003)).

Parameter values used to generate various types of rainfall in this experiment are
listed in Table 3.5. Patchy rains were characterized by individual storm with extremely
small core area (radius of 1 km and core width of 1 km) and with extremely narrow
distribution on its intensity (f→/f← combination of 1/100), whereas homogeneous rains
were characterized by individual storm with very large core area (radius of 20 km and
core width of 10 km) and with very spreading distribution on its intensity (f→/f←

combination of 1/100). In between, intermediate rains were expected to be formed by
storm radius of 11 km, core width of 11 km and f→/f← combination of 1/50.

 

Figure 3.28. Sumberjaya catchment
in Lampung, Sumatra as
formed by 15
subcatchments. This
catchment was used to test
the model.
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Table 3.5.  Parameters used for SpatRain experiments. All values formed compatible storms with
the observed station records.

Parameters Patchy Intermediate Homogeneous
Radius of trajectory of individual storm (km) 1 11 20
Core width of individual storm  (km) 1 11 10
Spreading factor of intensity distribution from
the core, f→

1 1 100

Agglomerating factor of intensity distribution
from the core, f←

100 50 1

Figure 3.25 shows the simulated daily rain maps of patchy, intermediate and
homogeneous storms generated by SpatRain. Table 3.6. shows that low wet fraction of
patchy rains in space was compensated by high events probability in time.  It also tells

that equation 
N

÷PäP =  and 
)cln(1

d)-ln(1
N

1−
=  (see part 2.2.5) can generate a sensible range

of N that produce a sensible range of wet cells fraction cN at such patchy condition, as
indicated by cross scale probability of storm events P(EN) ≤ 1.  This cross scale
probability of storm events acts similarly to the λ value in Poisson distribution that
represents permutation of rainfall events in time scale (Rodriguez –Iturbe et al., 1987).

Table 3.6.  Cross scale properties of homogenous (h), intermediate (i) and patchy (p) rainfalls

Storm events number
(N)

Wet cell fraction of N
storm events  (cN)

Probability of storm
event    (P(EN))

Month

h i p h i p h i p
Jan 1 2 46 1 0.66 0.48 0.34 0.52 0.71
Feb 1 2 39 1 0.40 0.39 0.30 0.74 0.77
Mar 1 2 37 1 0.46 0.40 0.28 0.62 0.71
Apr 1 2 33 1 0.64 0.30 0.26 0.40 0.85
May 1 2 30 1 0.45 0.35 0.24 0.54 0.69
Jun 1 1 19 1 0.43 0.30 0.16 0.37 0.53
Jul 1 1 15 1 0.31 0.26 0.13 0.43 0.51
Aug 1 1 18 1 0.44 0.33 0.15 0.34 0.46
Sep 1 1 17 1 0.27 0.14 0.14 0.53 0.98
Oct 1 1 21 1 0.21 0.23 0.17 0.81 0.74
Nov 1 2 37 1 0.59 0.37 0.29 0.48 0.78
Dec 1 1 26 1 0.40 0.29 0.21 0.52 0.72

The simulation results shows that temporal distribution of patchy and intermediate
rainfalls from 18 sampled points are diverse but still consistent with the actual station
records distributions (Figure 3.26), with gradual skewness at subcatchment distributions
and subsequently at catchment-levels distributions while homogeneous rainfalls have the
same distributions from cell- to catchment-levels (Fig. 3.27).  As a consequence, patchy
rainfalls have relatively low inter-annual variability (Figure 3.28), with coefficient of
variance of 10.04% at cell-level, compared to the intermediate (11.51%) and the
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homogeneous (16.79% that is closed to the actual of 17.68%).  This may suggest that
probability of cells hit by storm cores is not uniform, as it is now assumed by SpatRain,
but is likely driven by multi-step Markov process (Jones and Thornton, 1997), which tells
that probability of today rain events are driven by rain events occurred before.  Thus, a
‘memory’ parameter should be introduced into the model to keep track the dynamics of
cell probability hit by the storm if one expects to compare the effect of rainfall patchiness
at the same degree of inter-annual variability.

Patchy

Intermediate

Homogenous

Figure 3.29. Simulated daily rainfall maps.  Dark area indicates storm cores that hit or
miss the catchment area.

Simpler way to overcome inter-annual variability problem is by doing data
segmentation to derive the station exceedance probability (f) into dry band (xt < |µ-w.δ |),
normal band (|µ-w.δ | ≥ xt ≤ |µ+w.δ |) and wet band (xt > |µ+w.δ |), where xt is annual
rainfall of data series in the year-t (mm), µ and δ are year average and standard deviation
of annual rainfall (mm), and w is range width multiplier of the normal band.  Such data
segmentation can be incorporated as option within the program and simulation can be
based on ENSO scenarios.  Figure 3.29 shows that inter-annual variability in simulated
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rainfalls with homogeneous pattern can be obtained by data segmentation to derive f into
3 different bands.

Patchy Intermediate

Homogeneous

Figure 3.30. Distribution consistency of
simulated rainfalls to the actual
distribution
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Patchy Intermediate

Homogeneous

Figure 3.31. Distribution skewness from cell- to
subcatchment and catchment-levels of
simulated patchy and intermediate
rainfalls, whereas homogeneous
rainfalls have the same distribution from
cell- to catchment-levels.

Figure 3.32. Inter-annual variability of simulated rainfalls at various degrees of patchiness,
compared to the actual.
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Figure 3.33. Simulation results after data segmentation into dry, normal and wet bands.

Fractal dimension was used as patchiness indicator, derived from semivariogram’s slope.
Fitting-curve of )1( bxeay −−= was used to estimate the slope.  If we took 1 rain event as
the reference map for semivariance analyses, we got fractal dimension of about 2.57, 2.91
for and 3.00 in average for patchy, intermediate and homogeneous rainfalls respectively.
Thus, in term of its patchiness indicator, the assumed intermediate rainfalls in this
experiment are in fact 79% homogeneous.

Figure 3.30 shows that temporal averaging increased the patchiness of patchy
rainfalls, so that it approached the patchiness of intermediate and homogeneous rainfalls
starting from temporal averaging of 30 rain events.  This result gives more explanation on
low spatial autocorrelation of monthly rainfall between stations as studied by Manik and
Sidle (2003).  We will show the effect of such averaging in some parts about GenRiver.

Figure 3.34. Effects of temporal averaging on rainfall patchiness.
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Spatial scaling properties of maximum daily rainfall (Rmax) and average daily rainfall
(Rmean) over 1 year period of patchy, intermediate, and homogeneous rainfalls were
explored by conducting resampling (window averaging) to simulated data at various sizes
of windows, ranging from 1 km2 to the maximum trajectory area of 810 km2. Infiltration
offsets from 0 mm to 30 mm were introduced into resampled maps with regards to the
intercept of precipitation-runoff relation as explored by WaNuLCAS Model (Figure
3.20).  Figure 3.34 shows that scaling factor of Rmax can approach the scaling factor of
maximum river flow per area (Qmax/A) of –0.25, as reviewed by Rodriguez–Iturbe and
Rinaldo (1997), only by patchy rainfalls at infiltration offset of 22 mm. While scaling
factor of Rmean can approach the scaling factor of mean annual discharge per area
(Qmean/A) of 0 at patchy rainfall condition without infiltration offset. Where total water
yield is likely to be independent of an infiltration offset, we conclude that a consistent
interpretation of the empirical scaling relationships for maximum daily flow and mean
annual water yield is feasible. In addition to the spatial properties of rainfall, which are
normally used in ‘explaining’ the scaling rules, however, we suggest that the scaling rule
depends on the intercept of the rainfall – surface runoff relationship. This dependency
makes it likely that the scaling rule for maximum daily flows can be influenced by
changes in land use and land cover.
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A

B

Figure 3.35.  Scaling behavior of maximum daily rainfall (A) and mean annual rainfall (B) at
various infiltration offsets.

3.5 GenRiver exploration of land use change impacts on river flow
3.5.1 Annual water balance for Way Besai and Mae Chaem3.5.1 Annual water balance for Way Besai and Mae Chaem

The overall water balance for Way Besai (Sumberjaya) and Mae Chaem as simulated
with GenRiver (Fig. 3.36) indicates similarities as well as differences. Cumulative eva-
potranspiration is only slightly less in Mae Chaem than in the Way Besai, but it repre-
sents roughly 50 and 85% of the cumulative rainfall, respectively. Cumulative discharge
(which equals the sum of Cumulative base flow (CumBaseFlow), surface quick flow
(CumSurfQFlow) and soil quick flow (CumSoilQFlow)) is approximately equal to cumu-
lative rainfall (CumRain) minus cumulative evapotranspiration (CumEvapTrans). Evapo-
transpiration (plus river flow) and rainfall can be partially out of phase, as reflected in the
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‘delta catchment storage’ term that ends the year at approximately zero in both simula-
tions.

Figure 3.36 Cumulative water balance as output of GenRiver using Way Besai (Sumberjaya) (A)
and Mae Chaem (B) data, for the current land use mosaic in both catchments

In general the terms other than rainfall show a smoother profile of increments,
reflecting the buffering conveyed by soil and river system. In the current simulations
discharge in the Way Besai consists largely of base flow, with soil quick flow and surface
quick flow (derived mainly from December and January rainfall events) making
approximately equal contributions to the rest. The Mae Chaem simulations also suggest
base flow to be the largest share of river discharge, but surface quick flow is supposed to
be a very small term and soil quick flow the dominant mechanism. The Mae Chaem
simulation is especially sensitive to changes in the assumptions regarding water use by
different land use types, the Way Besai simulation mainly to changes in soil parameters
affecting the partitioning between the various flow pathways.

3.5.2 GenRiver simulation using two different type of rainfall3.5.2 GenRiver simulation using two different type of rainfall

Using two different types of rainfall generated by SpatRain, we simulated river flow for
Way Besai, Sumberjaya. Result are here shown for the beginning (year 3) and end (year
20) of the simulation (year 3 is shown since we found that result for the first year
depended on initialization of a number of parameters). Year 3 and year 20 of the time
series reflecting land cover fractions of 58 and 14% for forest and 22 and 11% for
cropland and pioneer stages of fallow vegetation and 12 and 70% for coffee gardens,
respectively.
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Figure 3.37. Measured (dots) and predicted (lines) river flow of Way Besai, Sumberjaya (mm day
–1) in year 3 and year 20 for patchy and homogenous rainfall pattern.

In the Way Besai simulation patchy rainfall produces a better match of simulated and
measured patterns of river flow compared to more homogenous rainfall patterns. We
don’t expect the simulations to match the dates of the peaks in measured flow (as we
started from a resampling of the statistical distribution rather than specific time-series),
but we expect the shapes and intensities of highs and the recession during low flow
periods to match. A simple test is formed by a comparison of measured and predicted
frequency distribution of daily flows during a year (Fig. 3.38).

Figure 3.38. Frequency distribution of the river discharge, actual and simulated by GenRiver
driven by patchy and homogenous rainfall pattern for year 3 (A) and year 20(B) in Way
Besai

Hm 3 Hm20

Pat 3 Pat 20

0           5          10        15         20        25         30
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For the two years selected for this analysis, the frequency distribution of measured river
flow matches most closely with the ‘patchy’ rainfall simulation(Fig.3.38).

Figure 3.39. Actual (dots) and predicted (line) river flow of Mae Chaem in year 3 and year 10 for
patchy and homogenous rainfall pattern

For the Mae Chaem simulation we also compared the two rainfall patterns, but the
‘patchy’ rain required a high number of small storms per day to match the target
frequency of rain at station level; after aggregation at subcatchment scale the resulting
pattern may in fact have been rather homogeneous. The results shown here are again for
the beginning and end of the simulated series, in year 3 and year 10, both with about 44%
of the land under deciduous forest cover, 13% of evergreen forest, 8% of fallow system
and 5% of orchard (and the remaining in smaller categories). The simulations found in
fact very little difference between the patchy and the homogenous rainfall simulations.
For year 3 the match with measured data is fine, for year 10 the pattern looks similar in
Fig. 3.39, but the test of frequency distribution suggest a difference (Fig.3.40).

Pat 3

Hm 3 Hm 10

Pat 10
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Figure 3.40. Frequency distribution of river debit, actual and simulated by GenRiver using patchy
and homogenous rainfall pattern for year 3 (A) and year 10 (B)

The buffering indicator (above average river flow per unit above average rainfall)
provides a further test of the model versus measurements. To match the actual time series
simulated rainfall data were sorted on the basis of total catchment level rainfall and
matched with the available station level data. Calculated buffer indicators (Fig. 3.41) for
the Way Besai under the ‘current LU mix’ scenario are higher than the measured ones.
For Mae Chaem the results suggest a good match with the measured time series.

If we accept the current parameterization of the model for both catchments (in the
absence of fine tuning of all available model parameters), we can explore the simulations
for an ‘all forest’ and an ‘degraded lands/grassland’ scenario with the current land use
mix. As shown in Fig 3.41 these three scenarios consistently ranked the current LU mix
between an ‘all forest’ and an ‘all grass’ scenario for both catchments. When we compare
the mean buffering indicator across the simulation period (Fig. 3.42), we see that the
current LU mix is closer to the ‘all forest’ than it is to the ‘all grass/degraded lands’
scenario, in both catchments. For the Way Besai data we see that patchy rain leads to a
higher buffer indicator than simulation with a more spatially homogenous rainfall, as in
the patchy rain case the river can provide more buffering by integration across
subcatchments. For the Mae Chaem series we, again, found less difference between the
two rainfall patterns. Analysis of the frequency distributions of annual buffer indicator
values (Fig. 3.43) confirms the conclusion about the impacts of land use and rainfall
pattern.

A B
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Way Besai, Sumberjaya Mae Chaem
All Forest All Forest

Mixed Land Use Mixed Land Use

All Grass All Grass

Figure 3.41. Buffer indicator over the year for different rainfall pattern and land use changes
compare with actual data
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Figure 3.42. The mean annual buffering indicator of daily river flow as predicted from GenRiver
model for Way Besai, Sumberjaya (left) and Mae Chaem (right)

Figure 3.43. Frequency distribution of buffer indicator over 23 years period of the mean annual
buffering indicator of daily river flow as predicted by GenRiver model for Way Besai (left;
20 years) and Mae Chaem (right; 14 years) under assumptions of patchy and
homogenous rainfall pattern and all forest, mixed land use and grass land
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Figure 3.44. Rainfall and riverflow for Way Besai, Sumberjaya (A) and Mae Chaem (B) under
assumption of forest, grassland and comparing with mixed land use (current land use)

3.5.3 Indicators of watershed functions3.5.3 Indicators of watershed functions

Overall, an acceptable agreement was obtained between measured and simulated values
of the watershed function indicators for the current land use mosaic (‘LU mix’), in the
Way Besai (Table 3.7) and Mae Chaem (Table 3.8).

Table 3.7 Indicators of watershed functions for Way Besai, comparing actual data (averaged over
20 years) with simulations for the current LU mix, an ‘all forest’ approximation of natural
vegetation and an ‘all grass’ version of degraded lands, based on GenRiver simulations

Actual
Data GenRiver

Indicators Current
LU

Current
LU

Natural
Veg Degraded land

Total Discharge Fraction 0.61 0.53 0.44 0.62
Buffering Indicator 0.79 0.82 0.80 0.68
Relative Buffering Indicator 0.66 0.66 0.55 0.49
Buffering peak events 0.86 0.81 0.76 0.78
Highest Monthly Discharge
relative to mean rainfall 1.92 2.19 1.65 1.58
Lowest Monthly Discharge
relative to mean rainfall 0.39 0.54 0.50 0.46
Overland Flow Fraction * 0.11 0.00 0.36
Soil Quick Flow Fraction * 0.10 0.02 0.00
Slow Flow Fraction * 0.30 0.29 0.25

A B
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Table 3.8.  Indicators of watershed functions for Mae Chaem, comparing actual data (averaged
over 20 years) with simulations for the current LU mix, an ‘all forest’ approximation of
natural vegetation and an ‘all grass’ version of degraded lands, based on GenRiver
simulations

Actual
Data GenRiver

Indicators Current
LU

Current LU Natural
Veg

Degraded land

Total Discharge Fraction 0.21 0.19 0.13 0.32
Buffering Indicator 0.89 0.90 0.93 0.81
Relative Buffering Indicator 0.49 0.45 0.54 0.40
Buffering peak events 0.91 0.88 0.91 0.79
Highest Monthly Discharge
relative to mean rainfall 3.16 3.67 3.01 3.37
Lowest Monthly Discharge
relative to mean rainfall 0.20 0.22 0.27 0.24
Overland Flow Fraction * 0.00 0.00 0.00
Soil Quick Flow Fraction * 0.08 0.03 0.17
Slow Flow Fraction * 0.14 0.08 0.12

3.6 FALLOW predictions of impacts of forest positions within a landscape

Forest protection in parts of watershed areas remains one of the main tools for ‘integrated
watershed management’, but is often contested by farmers seeking livelihood options in
these areas. According to Indonesia’s Tata Guna Hutan Kesepakatan (agreement on
forests function allocation) around 30% of a catchment should be allocated as forest
reserve (hutan lindung) in order to maintain hydrological functions. Existing criteria are
criticized and the best spatial allocation of such ‘protection forest’ remains open to
discussion, with options as riparian forest, steep slopes and the tops of ridges as
candidates.

An analysis on the effectiveness of forest reserve allocation using the FALLOW
Model was conducted for Sumberjaya area (see Suyamto et al, 2003 for more detail).
This exercise is intended to explore the impacts of different rules for spatial allocation of
forest reserve on watershed functions, expanding the analysis of Verbist et al. (2002)
from hill slope and subcatchment scale to a landscape with interactive farmer decisions
on land clearing.  General attributes of the Sumber Jaya area used for the model
parameterization were discussed by Verbist et al. (2002) and van Noordwijk et al. (2002).
Five forested zones with the same allocation fraction of 0.25 were generated on the basis
of a digital elevation model (DEM) of the area.  The zones (Figure 2.35) are delineated
according to distance to river with a threshold of 100 m nearby the river (riparian forests),
steepness with threshold of 20% (sloping forests), elevation with threshold of 1000 m
a.s.l. (ridge top forests), a uniformly random choice (random forests) and ‘remote forests’
at a distance to settlements of more than 1 km.  Those zones are assigned as
unchangeable zones over the whole simulation period, while the rest are dynamic.
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Figure 3.45.  Simulated net sediment loss for a 100-year period (Mg.ha-1) resulted by five forest
reserve allocation scenarios.

Based on simulation results over 100 years, riparian forests gave the lowest net
sediment loss of the five patterns compared (Figure 3.45). The differences between the
other forest locations tended to change with time. Variations with time in the simulation
series depend on the stochastic nature of rainfall as well as dynamic decisions on land
clearing depending on yields and the completion of production cycles.

3.7 Land use change scenarios for Mae Chaem
3.7.1 Defining four scenarios for land use change3.7.1 Defining four scenarios for land use change

The simulation results with first version of the scenario-building model are summarized
in a set of figures, describing land use change in response to a series of ‘drivers’ that
modify the amount of tree & forest cover, as well as the degree of ‘segregation’ versus
‘integration’ of functions. As shown in Fig. 3.46 for almost all land cover types in all
scenarios the changes were monotonic (either consistent increase or consistent decrease
over the time period), so we can focus on the results after 50 years (Fig. 3.47) for a first
indication of the consequences of =these scenarios for the indicators of watershed
functions.
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Fields & Fallows Food Bowl

Agro – Forests Parks

Figure 3.46. Aggregate land-cover changes in the five scenarios.
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Figure 3.47. Predicted land cover fractions for Mae Chaem in year 50 for the four scenarios

For all four scenarios the degree of forest cover is predicted to become less than
the current one (Fig. 3.47), especially in the ‘evergreen’ forest type. The scenarios differ
most clearly in the predicted fraction of land allocated to ‘field crops’ and ‘orchards’.

The simulation is explicit in the spatial configuration of these plausible land use
change scenarios, with algorithms that reflect interactions between travel time, roads,
elevation and competition between land covers (Figure 3.48, 3.49).  The modeled
landscape trajectories need to be interpreted within the qualitative context provided by
the scenarios.

These simulations reflect ‘work in progress’. The next version of the model will
refine the current results with four modeled processes: extension of the road network,
extension and excisement of park area, the addition of new villages (above and beyond
expansion of existing human settlements) and the expansion of irrigation.  These
additional processes are assumed to have very different characteristics in each of the
scenarios. The next version of the model also includes spatial and temporal variability.
Based on preliminary results with the road model these extensions create more complex
temporal and spatial dynamics then the initial model.
.
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Figure 3.48. Examples of changes in selected land covers in two of the scenarios

a. Forest Cover (Agro-forest Scenario) b. Orchard Cover (Agro-forest Scenario)

c. Forest Cover (Parks Scenario) d. Field Crops (Parks Scenario)
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Forest Orchard

Fallow Crop

Figure 3.49. Comparison of final cover (at t= 50 years) in the four scenarios.
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3.7.2 GenRiver simulations based on these four scenarios3.7.2 GenRiver simulations based on these four scenarios

Table 3.9.  Indicators of Mae Chaem watershed functions under 4 plausible scenarios of land use
change compared to the current land use mix, based on GenRiver simulations

IndicatorIndicator Current LU Parks Agro-Forest
Fields&
Fallows Food bowl

Total Discharge Fraction 0.19 0.25 0.28 0.33 0.38
Buffering Indicator 0.9 0.86 0.84 0.79 0.8
Relative Buffering Indicator 0.45 0.46 0.44 0.39 0.48
Buffering peak events 0.88 0.86 0.84 0.8 0.83
Highest Monthly Discharge
relative to mean rainfall 3.67 3.06 3.12 3.24 2.77
Lowest Monthly Discharge
relative to mean rainfall 0.22 0.24 0.24 0.21 0.25
Overland Flow Fraction 0 0 0 0 0.08
Soil Quick Flow Fraction 0.08 0.13 0.15 0.19 0.17
Slow Flow Fraction 0.14 0.10 0.11 0.12 0.11

Figure 3.50. Quantitative indicators of watershed functions in Mae Chaem related to the total
water yield indicator for the ‘all forest’, current LU mix’ and plausible future scenarios
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The impacts of the four scenarios on the quantitative indicators of watershed functions
appear to be largely captured by the impact on total water yield relative to rainfall.The
scenarios predict an increase of this discharge fraction from the current 19% (and 13%
under ‘all forest’ scenario) to 25 % for the Parks scenario and even 38% fore the Food
Bowl scenario. Most of the other indicators change in proportion to this increase in water
yield: the buffering indicator will decrease, the ‘soil quick flow’ fraction of rainfall will
cause nearly all increase in river discharge with the slow flow reduced below the level for
the current LU mix.

3.8. The Dynamics of Water Movement across the Mekong Basin (VIC)

The record of river flow at multiple stations throughout a large basin provides an
integrated signal of how landscape processes and climatology intersect with human use to
produce the amount of water in channels. Being able to understand that record provides
insight into how the water cycle might change under changing conditions. In the context
of the Functional Value of Biodiversity program, we are particularly interested in the
following questions for the Mekong basin:
Ø How does land use intensification affect watershed functions in large-scale

drainage basins? Would switching landcover back to fre, leading to land covers
that represent low values for both functions

Ø How does total water yield depend on the distribution of rainfall and portioning
between hydrologic processes, under historical and current conditions?

Ø How are the temporal dynamics of high and low flows of rivers influenced by
spatial scale?

Ø How are “Far field effects” on people living downstream linked to changes in
total and seasonal water yield?

The Mekong represents a transition from individual smaller basins up to the Pan Tropics
scale.

The analysis is done in the overall data/model framework described in Section
2.7. The organization of data and computer models is focused on providing a common
information scheme, in which a series of analyses can be done. It is further worth noting
that ht computer model used (VIC) is a spatially-explicit, process based model. It
explicitly does not utilize detailed calibration to produce observed hydrographs. Rather it
does it on “first principles.” As a result, it is a more robust method for analyzing
scenarios than more traditional, calibrated, lumped models. Our first step is to assemble
the sequence of information required to describe the flow regime. The second step is to
interpret that information, though a combination of observation, statistical, and simulation
techniques. The third step is to analyze scenarios of potential changes in system state.

3.8.1. Surface Water Regime of the Mekong Basin3.8.1. Surface Water Regime of the Mekong Basin

Understanding the flow regime of a major river system, especially possible changes in
that regime, requires data records covering decades.  Hence we analyzed the (recently
acquired) discharge and stage data, obtained from the Mekong River Commission (Figure
3.51). These data represent a significant upgrade on the publicly-available data, in terms
of length and completeness of record, and re-analysis of rating curves.  In the following it
should be noted that the last station with a data record is Stung Treng, which is above the
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Cambodia part of the basin, including the Tonle Sap. The following values are thus less
than the discharge to the ocean.

a) Basic Patterns: 1910 – 2002.

Visual inspection of the hydrograph reveals patterns of interannual variability – some
years are drier and some years are wetter. The wet years are associated with the normal
flooding regime of the river. Super-imposed on the high-frequency variation are several
lower frequency patterns. The most characteristic pattern is a harmonic with a period of
20 years (plus/minus 5 years). Cumulative flow builds towards a peak, then declines. This
pattern has been observed on other large rivers, most notably the Amazon (Richey et al.
1989), where it was attributed to variations in the El Nino-Southern Oscillation. Higher
peak flows were present earlier in the century than in more recent times, and tended to be
associated with the higher flow cycles. The last several decades appear to be slightly
“noisier” than early periods, possibly on the upward side of the long-term cycles. Greater
variability occurs further upstream, and is greatest in the tributaries.

Figure. 3.51. Hydrographs of the Mekong River (left panel) from upstream to downstream along
the Mekong (right panel) Mekong tributaries. Flows are in m3 s-1. Data are from the MRC
(Sok, pers. comm.)
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b) Annual Discharge Trends: Mean, Maximum, and Minimum Flows

Individual river station records can be summarized in the terms of annual flow trends for
mean, maximum, and minimum flow conditions (Figure 3.52).  The mean trends maintain
the long term 20-year cycle. The downstream minimum and maximum patterns may be
showing trends towards an increase in minimum flow and possibly an increase in the
“noise” of the maximum signal. These hypotheses will be tested below.

Figure 3.52. Annual yields for respective stations (1000 x m3/s); Mean (annual average),
Maximum (max, highest per year), Minimum (lowest per year). Values in (m3/s) after
station names are summary statistics.

c) Interannual Variability

To examine more closely possible systematic changes in the Mekong hydrograph, we
looked at annual trends in the stage records (stage provides a more stable signal than
discharge for a long time series, as discharge requires a rating curve that can change over
time). Our primary reference station is Stung Treng, as the most downstream station, with
the longest record (Figure 3.53).  The possible changes seen in the earlier figures are
being clearer. There are suggestions of a lowering of mean stage, possibly due to a
reduction in peak flows, but with an increase in minimum flows. Overall variability
(excursions from the mean) seems to be increasing in recent times.

Finally, to test the statistical validity of these observations, we used the non-
parametric Mann-Kendall method for testing the presence of a monotonic increasing or
decreasing trend (Figure 3.54).
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Figure 3.54. Results of the Mann Kendall test for linear trends over time for Stung Treng stage
records, over the entire period of record (1910-2002), The first half of record (1910-1960,
at which time data becomes more common for other stations), and the latter part of the
record (1960-2002). The records of Chiang Saen (at the top of the lower Mekong, exiting
Yunna province). Dots are data points, the blue line is the residual in the analysis, Fine
blue and red dotted lines are confidence interval. +++ indicates significant at .001 level,
++ at the .05 level, for increasing? Or decreasing trends.

Figure 3.53. Annual mean, maximum, and
minimum stage trends at Stung
Treng (red line is long term mean).
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The results show that the overall mean stage at Stung Treng has not increased has not
increased significantly over the period of record. However, the results strongly imply a
greater variance towards the latter part of the century (by the increases in the residual and
spread in the observations).  Low flows shows a significant increase over the latter half of
the century. Chiang Saen shows a pronounced increase, especially recently. Clearly there
are multiple factors at play, from climate shifts, to landuse shift, to increase in water
management through dams and irrigation. These results are consistent with the Mae
Chaem results, showing increase discharge with increasing conversion from forest to
crops.  We will now focus on the recent period, through decomposition of the
hydrographs and analysis of the scenarios, using VIC.

3.8.2. De-Convolution of 3.8.2. De-Convolution of HydrographsHydrographs

We now move to using the VIC model to dissect the observed hydrographs, and in the
process get insight into the constituent dynamics.

a) VIC Model Calibration and Validation

Ideally a process-based model should not “have” to have any calibration. The reality is
that the full set of data required to drive a model are virtually never sufficient.
Inadequacies frequently occur in how well known the soil is, and in the climate forcings.
Hence some calibration is required. Runoff is parameterized in the VIC model due to the
large spatial extent of each model grid cell. Calibration of some model parameters is
necessary to give a good agreement between simulated and observed runoff. There are
five main soil calibration parameters. These parameters and their typical ranges are
briefly described below:

Dsmax: Ranges from 0 to about 30 mm/day. This variable is the maximum baseflow that
can occur from the deepest soil layer. (The actual flow will depend on Ds and on
hydraulic conductivity of the soil layer.)

Ds: A fraction of unity. This parameter represents the fraction of Dsmax where non-linear
(rapidly increasing) baseflow begins. With a higher value of Ds, the baseflow will be
higher at lower water content in the lowest soil layer.

Ws: A fraction of unity. This parameter represents the fraction of the maximum soil
moisture of the deepest soil layer where non-linear baseflow occurs. Ws is analogous
to Ds but is a threshold of moisture rather than a baseflow rate threshold.

binf: Ranges from 0 to about 0.4. This parameter defines the shape of the Variable
Infiltration Capacity curve. It describes the amount of available infiltration capacity
as a function of relative saturated area of the grid cell. A higher value of binf results in
lower infiltration and yields higher surface runoff.

Di: Typically ranges from 0.1 to 1.5 meters. This parameter is the depth of soil layer i.
Soil depth affects many model state variables. In general, deeper soils result in a
reduction of seasonal peak flows and in an increase of losses by evapotranspiration.

Additional parameters which also may be used in more difficult calibrations, or
for fine tuning, include the saturated conductivity of each soil layer i, ksi; the exponent of
the dependency of unsaturated conductivity in layer i, ni; and even the wilting point and
field capacity (wpi and fci) of a soil layer i.
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Calibration was performed separately for each sub-basin, defined by each stream
gauge station, starting with the most upstream sub-basins and moving downstream to
larger sub-basins. All calibration parameters were used, but rather than fixed values for
each sub-basin, calibration was performed based on the initial parameter values which
depended on soil type.

Figure 3.55. Model observation            versus prediction        (ration predicted/observed)

The calibration period was 1979-1988, and the verification period was 1989-2000. The
model was run for the entire simulation period, Jan.1979-Dec.2000, in water balance
mode at a daily time step. The initial soil moisture condition of every model grid cell was
set to 80% of field capacity, following Nissen et al. (2001a). However, no model spin-up
period was used, and there is some effect of the arbitrary moisture initialization over the
first months of 1979.

Model runs were made with the dams and irrigation schemes in place. Overall
model behavior captures the basin dynamics of the Mekong flow regime (Figure 3.55),
with several exceptions. Overall minimum base flow is under predicted (further
calibration in progress is expected to address that problem). Rainfall over Laos is known
to be underestimated (reported rainfall is generally lower  than riverflow). Lower
estimates of rainfall are also likely above Chiang Saen.

b) De-Convolution of Components of Water Cycle

We will now use the hydrology model to “de-convolve,” or explain, the factors producing
the discharge hydrograph. We will focus on our benchmark mainstem station, Stung
Treng, and on Ubon, the downstream reference station on the heavily impacted Mun
River. The period of analysis will be 1979-2000, covering the period of the overall
dataframe of VIC (requiring not only discharge, but climatology and landcover). We will
focus on the peak discharge years of 1984, 1991, 1996, 1997, and 2000 (Figure 3.56).
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Figure 3.56. Deconvolution of discharge hydrograph (Q). Monthly composites from VIC model
runs (green linesuperimposed on Q is the daily observed discharge (for perpective on
monthly aggregation). Red dashed line to track peak flows.

The hydrograph at Sung Treng represents the damped signal of the cumulative
“history” of the basin upstream. Discharge lags precipitation by about a month (within
the time step of the model), on both ascending and descending limbs. Discharge lags soil
moisture on the rising limb, and follows on he descending. ET rises simultaneously with
increasing rainfall, but the descending limb of ET is delayed relative to rainfall, but is
synchronous with falling soil moisture.

Years of greatest discharge and flooding do not necessarily correspond to
unusually high precipitation, particularly the flood of 2000. The peak rainfall in 2000,
while above average, was less than non-flood years. ET was uncharacteristically low,
compared to other years of higher rainfall, while soil moisture was higher.

Clearly immediate strong storms can produce localized flooding. At a more basin
scale, antecedent effects may be influential. Figure 3.55 looked at aggregation from daily
to monthly. We now turn to aggregating from monthly to (3-month) seasonal aggregation
of flow. The relative balance of flow magnitudes changes (Figure 3.57). The cumulative
rainfall of 2000 is greater in the second quarter (AMJ) than in most years. When coupled
with a lower than normal ET, soil moisture is highest in that period over the entire 1979-
2000 period. This suggests that more rain earlier lead to soils being more saturated
earlier, allowing modest increments in rainfall to promote the flooding. Variants of this
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pattern account for other high flow periods. That is, peak downstream flow is the “far-
field” affect of multiple up-stream events.

Figure 3.57. Deconvolution of discharge hydrograph (Q) at Stung Treng, Mekong mainstream
Seasonal composites from VIC model runs (green line superimposed on Q is the daily
observed discharge (for perspective on seasonal aggregation). Red dashed line to track
peak flows.

We will now look in more detail at a sub-basin, the Mun River, represented by Ubon, at
monthly (Figure 3.58) and seasonal aggregations (Figure 3.59). Discharge is more lagged
from rainfall than for the basin as a whole, with the exception of 2000, when it was nearly
synchronous. ET is a much higher percentage of rainfall than is the mainstem. ET rises
with precipitation, but lags more slowly on the descending limb. Soil moisture tracks ET
quite closely. The flood of 2000 is even more pronounced, with the highest monthly
composite discharge of the period. Discharge in 1980 and 1983 were proportionately
greater than at Stung Treng.
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Figure 3.58. Deconvolution of discharge hydrograph (Q) at the Mun River, at Ubon.  Monthly
composites from VIC model runs (green line superimposed on Q is the daily observed
discharge (for perspective on monthly aggregation). Red dashed line to track peak flows.

The seasonal patterns seen at Stung Treng are more pronounced (Figure 3.59).
The second quarter of 2000 had the highest rainfall over the period, which was reflected
in the very high soil moisture and discharge of the third quarter.
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Figure 3.59. Deconvolution of discharge hydrograph (Q) at Ubon, Mun River. Seasonal
composites from VIC model runs (green line superimposed on Q is the daily observed
discharge (for perspective on seasonal aggregation). Red dashed line to track peak
flows.

3.8.3. Scenarios3.8.3. Scenarios

In the modeling/data environment, many analyses of are possible. In the interest of time,
we will review one case – that of the Mun River basin. The basic properties of the Mun
River at Ubon, and its tributaries Chi (Ban Chot and Yasothon) and the upstream Mun
(Rasi Salasi) were given in previous graphs. The Mun basin is characterized as being the
most developed, and is already converted primarily to crops.  The scenario of removing
the remaining trees from the Mun produces little change, as few trees are left to remove.
So we performed the opposite experiment, of replacing crops with forests. The result is
that discharge is reduced by nearly 40%, through an increase in ET and reduction in soil
moisture.  These results confirm the Mae Chaem results – that a conversion from forests
to crops increases discharge.

In the next several weeks, we will be analyzing and compiling the results of a
series of scenario experiments. These will include irrigation and dams (water
management schemes), different levels of vegetation cover, and a detailed analysis of
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high flow events promoting flooding. This work is in progress, but too preliminary to
report here).

Figure 3.60. Model of current versus "if forested" conditions in the Mung River basin, at Ubon, for
discharge (Q, 1000 x m3/s), evapotranspiration (ET, 1000 x m3/s), and soil moisture (SM,
mm)

3.8.4. Preliminary Conclusions3.8.4. Preliminary Conclusions

While consider work remains in interpreting these results, there are several important
“take home” messages. (An initial caveat is that these results do not yet include the Tonle
Sap and environs). The Mekong basin is indeed subject to a modification in flow regime,
due to both climate variability and anthropogenic actions. There is significant evidence
that “far-field” effects are indeed taking place, resulting in a greater variability of the
flow regime, with an increase in at least base flow. The ability of the VIC modeling
environment to reproduce hydrographs, as a function of the constituent processes, speaks
to the applicability as a potential decision support system, particularly if coupled to a
climate model. This would apply both for peak flow/flood prediction several weeks in
advance to low flow/drought predictions, also several weeks to months in advance.
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3.9. Application of the DHSVM model to the Mae Chaem basin

The primary question we are addressing here is, does vegetation “make a difference” in
water flow patterns? I.e., do trees “matter?”

3.9.1. Historic Trend of 3.9.1. Historic Trend of Hydrograph and Water YieldHydrograph and Water Yield

 The Mae Chaem hydrologic regime consists of high flow from May to October,
contributing 73% of the total flow, and an average annual water yield (1996-2000) of 240
mm (we consider the water year to begin in November, of the year previous to the year
cited). The rainfall variation within the basin is large due to high fluctuation in altitude
(Figure 3.61).

Figure 3.61. Average rainfall distribution in Mae Chaem and the relationship with elevation

Therefore, the surface runoff ratio is between 12 – 23%, depending on which climate
station was referenced. This number is consistent with the 15-25% ratio published in
Alford’s study of annual runoff in the mountainous regions of northern Thailand (1992).
The Mae Chaem basin is an example of a small catchment where the discharge varies
considerably from year to year, and is sensitive to rainfall intensity and duration due to
short travel times caused by steep topography (Figure 3.62).
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Figure 3.62. Historical records of river flow of the Mae Chaem at station P14 and precipitation at
the RE station

3.9.2 Model Calibration and Testing3.9.2 Model Calibration and Testing

The spatial domain was partitioned into 150-meter grid cells, and the 3-hourly-timestep
simulations were done using historical land use (1989), and climate data from June 1993
– May 1995 and June 1995-October 2000 for calibration and model testing, respectively.
The simulated stream flow at the basin outlet was calibrated and tested against the daily
discharge observed at RID station P.14, assuming no water diversion by irrigation or
reservoirs. The climate data across the basin was computed from the 6 meteorological
stations using nearest-station interpolation. The soil profile consisted of 3 root zones with
the depth from top to bottom of 30 cm, 30-35 cm, and 40 cm. The lateral subsurface flow
was calculated using a topography gradient. In the routing scheme, roads were not
included, and the stream classification was done based on Strahler stream order and
segment slope, derived from the DEM. The temperature and precipitation lapse rates
were assumed constant for the whole catchment. The final calibration parameters are
available in Table 3.12.
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Table 3.12 Final values for DHSVM model parameters

Parameter Values
Ground roughness, m 0.02
Reference height, m 40
Rain LAI multiplier 0.02
Temperature lapse rate, oC/m -0.0015
Precipitation lapse rate, m/m 0.002
Overstory height, m 20-30
Understory height, m 0.2-5
Vegetation vapor pressure deficit threshold, kPa 4000
Maximum stomatal resistance for overstory, s/m 4000-5000
Minimum stomatal resistance for overstory, s/m 200-400
Maximum stomatal resistance for understory, s/m 600-3000
Minimum stomatal resistance for understory, s/m 120-175
Overstory LAI 2.3-10.8 (broadleaf)

4.8-12.5 (needleleaf)
Understory LAI 0.8-10
Overstory albedo 0.2
Understory albedo 0.2

To observe seasonal and inter-annual variability of hydrologic responses, and to
study effects of land-cover change, the same set of climate data and parameters used in
model testing were used to generate daily discharge, annual water yield, average flow for
the wet and dry seasons (high flow and low flow), and monthly evapotranspiration for all
land cover scenarios, both with and without irrigation. For the future scenario II and III,
two sets of soil conditions were applied. The first condition being consistent with the soil
properties of the other scenarios and the second reflecting soil compaction. In the latter
case, the properties of the topsoil layer were altered. The bulk density was assumed to be
1800 kg/m3, the typical value that interferes with root growth for crops grown in clay
loam, and the soil porosity was adjusted accordingly. The soil infiltration rate and the
vertical hydraulic conductivity were reduced to 10% of calibrated values.

When irrigation was considered, daily irrigation consumption was calculated and
subtracted from the daily discharge computed by DHSVM to account for the water
diversion to agricultural areas. The crops were divided into 3 categories based on their
water demands; wet season rice, dry season rice, and cash crops, such as soybean, tomato,
corn, cabbage and other vegetables (Table 3.13). The irrigated areas were approximated
from the number of pixels of each crop type in the original 1989 and 2000 land cover
classification schemes (Figure 2.61). The following assumptions were made.  First, only
1/8 of the area designated as swidden cultivation was used for cropping and was irrigated.
Second, for the general field-crop classes, half of the area was wet-season rice and the
other half was cash crop.  Third, 40% of incremental croplands in each scenario were
irrigated, and they were equally divided for cash crops and wet-season rice. Finally, the
actual water diverted from the stream was equal to the crop water needs.
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Table 3.13. Monthly irrigation water demand (in mm) of northern agricultural crops.
            (Schreider et al., 2002)

Crops\Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Wet season rice 0 0 0 0 250 300 350 150 50 50 0 0
Dry season rice 250 200 200 0 0 0 0 0 0 0 300 500
Cash crops 150 150 100 0 0 0 0 0 0 0 300 100

3.9.3. 3.9.3. Hydrograph Analyses (Based on Simulation Runs)Hydrograph Analyses (Based on Simulation Runs)

a) Evapotranspiration. Annually, the simulated evapotranspiration made up 70% of the
total basin-wide rainfall, and the overland and sub-surface runoff was 30% of the rainfall.
The estimated evapotranspiration was lower than the pan evaporation, but both values
were in the same order of magnitude and were comparable to the values found by
Tangtham in 1998 and to Hirota’s work in 2001.

The modeled result had the same seasonal pattern as the pan evaporation, but the
latter reaches the maximum value 2 months earlier (Figure 3.63). Hirota estimated
evaporation by the Force-Restore Method (FRM) and by a heat balance model, and his
seasonal evaporation also shows a one-month lag from the pan evaporation.

Figure 3.63. Seasonal pattern of evaporation loss : pan vs modeled

The evaporation loss from DHSVM was much lower than the pan evaporation from
December to February. This does not necessarily mean that they are underestimated. The
pan evaporation was done using an agrometeorological station where field crops are the
major vegetation, and it is at low elevation, so the values are more sensitive to
temperature. On the other hand, the actual evapotranspiration depends on the air
temperature, humidity, and the type of vegetation. Therefore, we would expect to see
more seasonal variation because of the evergreen and deciduous trees, as shown by lower
evapotranspiration during the period with no deciduous leaves. Tangtham’s work
illustrates the effect of vegetation. He found that the annual evapotranspiration is about
1230 mm/yr for mountainous watershed (excluding cloud forests) and 750 mm/yr for
watershed covered by hill-evergreen forest in Chiang Mai. This is because the cloud
forest is very moist (low vapor pressure deficit) and receives low radiation inputs.
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Figure 3.64. Comparison of evapotranspiration for each land-cover data

The evapotranspiration was about the same for each land-cover scenario (Figure
3.65. However, changing the spatial pattern of croplands made a difference in the
evaporation loss, and consequently, on the stream water supply.

Figure3.65. Observed vs predicted hydrographs for 1989 and 2000 landcovers

b) Simulation: Observed vs Predicted Hydrographs.   The simulated hydrographs on
both the 1989 and 2000 land-cover data sets were very comparable to observation (Figure
3.65); both have the Pearson correlation coefficients of 0.745. The model predicted the
right timing of the storm onset and the dry-season trend. The model had a higher
estimation of the annual water yield and the average low flows (Figure 3.66). Overall, the
stream had more water in both seasons in 2000, but this data has a substantial increase in
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fallow land, as well as a change in location of croplands and shrub. The increase in fallow
land should contribute to higher stream flows because of less evapotranspiration loss.

The model was sensitive to soil depth, lateral hydraulic conductivities, and the
precipitation lapse rate.  This is due to the steep topography and the altitudinal
dependence of precipitation and vegetation. Therefore, the accuracy of model results
depends on the accuracy of rainfall measurement, the availability of soil data, and the
seasonal values for vegetation parameters.  More weather stations should be included for
better climate data interpolation across the basin.

Figure 3.66. Annual and seasonal water yields from the Mae Chaem basin

c) Comparison of scenarios:
Conversion between crops and forests.  Using the results from the 2000 land cover as a
reference, the conversion of forest to crops in scenario I resulted in higher stream flows in
both the wet and dry seasons, and the reverse was true when croplands were changed to
forests, as in scenario II (Figure 3.67). This was contrary to the finding that the removal
of trees causes a decrease in base flow due to the loss of sponge effect. This issue will be
discussed again as related to the effect of soil compaction.
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Figure 3.67. Comparison of stream flows with irrigation diversion, from different land-cover
scaenarios

Effects of irrigation. Because the water demand is greatest during the dry-season, the
irrigation diversion resulted in lower base flow, but did not affect stream flows (Figure
3.68)

Figure 3.68. Stream duscharge at the four point on 1989 land-cover, with and without irrigation
(same experiment with 2000 produces a very similar result)
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Effects of soil compaction. Soil compaction is known to increase overland flow and,
therefore, wet season stream flow due to reduced infiltration rate. Because the soil profile
becomes dryer, the base flow is also expected to be lower. The model predicted that the
annual water yield and wet-season stream flows were higher for both scenarios II and III,
when the soil was compacted. However, the results were not consistent for the dry season
(Figures 3.61 and 3.62).  Thus, there may be other factors affecting the base flow.

Figure 3.69. Effect of soil compaction on annual and high-season flows, with irrigation, diversion,
at the basin pour point

Figure 3.70. Effect of soil compaction on dry-seasons flows at the basin pour point.
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Effect of spatial variation- The spatial distribution of croplands does affect annual water
yield. For example, when an increase in cultivation is limited to upland areas (Scenario
IV), we see a higher annual water yield due to an increase in wet-season flows (Figure
3.71). This is compared to the annual flow when cultivation increased in just the lowlands
(Scenario V).

 Figure 3.71. Forecasted stream flows without irrigation at the basin pour point for future scenario
increasing cropland to 20% of total basin area

Far-field Effects. We selected 3 strategic locations (Figure 3.72) to observe stream
discharge and to compare the relative difference among the simulated flows in 1989 and
two future scenarios (II and III). The first location is Point A, situated on the main stem
right below the area where the largest portion of land conversion from forest to crops
occurred from 1989 to 2000. Therefore, we expect the stream discharge here to be the
most sensitive to land cover change. The second location, Point B, is further down the
main stem and includes an additional sub-basin. The last spot is at the basin pour point,
adjacent to the main urban area. The stream distance from point A to point B and from
point B to the pour point is 21.3 km and 75.8 km, respectively. The hypothesis is that as
we move farther downstream, the signal from the land cover change will be less visible.
What we want to know is to what extent the urban area (pour point) will be affected by
the change in the sub-basin above point A. In addition, we will observe how sensitive the
stream flow is to basin size.
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Figure 3.72. Selected locations on the main stream of Mae Chaem to observe far-field effects

Figure 3.73. Deviation of daily stream flows without irrigation of Scenario II from LC 1989 (top
panel). Deviation of daily stream flows without irrigation of Scenario III from LC 1989
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As expected, the discharge at Point A in scenario II varies the most from the base
case in 1989, and the deviation decreases as we moved away from the source (Figure
3.73). At all locations, the forecasted stream flow differed significantly in the wet season.
When the land-cover change occurred throughout the basin, as in scenario III, the
discharge from smaller sub-basins showed a more dramatic impact than did the discharge
from bigger sub-basins (Figure 3.74).

Based on these results, the implications of land cover change on flood forecasting
are predictable. For example, if we know certain locations in the basin are prone to
flooding and we know the magnitude of the typical flood, we could use the model to
simulate how much water would arrive at downstream watersheds.

Figure 3.74. Illustration of the underlying dynamics producing changes in the hydrographs, with
the explicit representation of ET and soil moisture changes (here for 1989 vegetation,
with increased crops)

3.9.4. Preliminary Conclusions3.9.4. Preliminary Conclusions

While considerable work remains in interpreting these results, there are several important
“take home” messages:

The utility of a spatially explicit, process-based analytical modeling environment
is demonstrated by its ability to reproduce hydrographs across a range of conditions, in a
basin where data are relatively sparse. At a minimum, the efficacy of the models as an
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intelligent data-interpolation engine is clear. That the model does as well as it does
implies that the constituent dynamics are relatively well understood (e.g., Figure 3.74),
and some confidence can be placed in the quantitative implications of scenarios.
The hydrology of the basin is quite sensitive to changes in land cover attributes, with a
general pattern of increasing runoff with migration from trees to crops. This is due to
decreased evapotranspiration and soil compaction. Irrigation would have a counter effect,
withdrawing water.
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4.  Discussion4.  Discussion
4.1 Effects on Biodiversity and Watershed functions of historical land use change

Question 1 was phrased as: “What impact on the range of ‘watershed function’ and
‘biodiversity conservation’ indicators can we attribute to historical land use
change between ‘natural vegetation’ and ‘current land use at plot, landscape,
subcatchment and catchment scale?”

We will review the evidence at plot and catchment level.

4.1.1 Plot and landscape scale4.1.1 Plot and landscape scale

Table 4.1 Summary of evidence at plot level for the ASB Benchmark areas in Thailand (Mae
Chaem) and Indonesia (Sumber Jaya) of impacts on watershed functions and biodiversity

Mae Chaem Sumber Jaya (Way Besai)
Natural Forest Current LU Natural Forest Current LU

Soil bulk
density

Considerable varia-
tion between forest
types and elevation
zones; high bulk
density in dry deci-
duous Dipterocarp
forest (Fig. 2.17)

Increase with
reduction of
fallow period and
switch to
permanent
cropping (Fig.
2.17)

Few data on
variation

Compaction
mainly linked to
foot paths and
motorbike tracks

Signs of
surface
erosion

After the typical dry
season burns of the
litter layers the first
rains lead to soil
movement in the dry
deciduous forest

In open field
crops

Landslides on
the steeper
slopes

The open phases
of young coffee
plantations and
in heavily
weeded ‘sun
coffee’

Sediment
filter effects

Abundant litter layer
leads to virtually
sediment-free
overland flow in
most forest types

Paddy rice fields
in the mosaic
probably play this
role

Abundant litter
layer leads to
virtually sedi-
ment-free
overland flow

Banana and
grass strips,
paddy rice fields
play this role

Water
quality

Streams leaving
forest appear to be
clean

Current monitor-
ing program by
villagers; growing
concern about
health impacts of
pesticides

Streams leaving
forest appear to
be clean

Main issue may
be the pesticide
levels derived
from horticul-
tural crops

Biodiversity High elevation has
several endemics as
‘last outcrop of the
Himalayas’

Long fallows still
allow for forest
flora and fauna to
survive

Part of the ‘Sun-
da lands’ hot
spot; both
mountain and
low elevation
forest threatened

Shade coffee
has fair bird but
low plant
diversity

The simple indicators of Table 4.1 suggest that in Mae Chaem the land use change from
fallow-crop rotations to permanent open field crops is the main threat to sediment
transfers to rivers, while the loss of biodiversity probably occurs in the transition from
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long to shorter fallow periods, and through human activities in the high elevation forest.
In Sumber Jaya, the conversion to a coffee-dominated landscape has created some
challenges to watershed functions (as well as opportunities to maintain these in the
context of ‘shade coffee’ systems with intact litter layer), but has lost most of the
biodiversity value of the original forest. Forest birds are still able to use the shade coffee
habitat, however. Apparently the thresholds in the land use change process that affect
watershed functions and biodiversity differ.

Further evidence was obtained for the ASB Benchmark areas in Jambi and Sumber Jaya
(Indonesia):
Ø In the first year after slash-and-burn land clearing in rotational rubber agroforests in

Jambi  there is substantial surface movement of soil (‘erosion’), but the transfer to
streams and rivers may be small due to land form (convex slopes with high erosion
followed by a concave filter zone before reaching the river) (Rodenburg et al. 2003).
Riparian vegetation has a better chance of surviving the burn because it does not dry
out so easily in the dry season), and in the absence of specific effort in clearing this
zone may retain its filter function relatively easily.

Ø Logging tracks and roads in areas that were commercially logged in Jambi some 15 –
20 year ago remain compacted and clearly visible as a thick layer of ferns on top of
the soil (without noticeable soil penetration) prevents establishment of woody plants
(Hairiah and Van Noordwijk, 2000)

Ø Loss of species richness in termites during conversion of forests to agroforestry and
crop-based landscapes in Jambi does precede the critical loss of function in
maintaining soil structure (Gillison et al., 2003)

Ø A detailed assessment of the impacts of soil compaction in coffee gardens and on foot
paths and motor bike trails in the coffee zone in Sumber Jaya (Fig. 4.1), suggests that
surface runoff is a direct consequence of compaction, but that soil movement
(erosion) is highest for intermediate degrees of compaction, as the ‘entrainment
factor’ that determines the likelihood that soil particles can be picked up into the
overland flow is highest in loose soil.

An attempt to synthesize the available information on various land use systems (Fig. 4.2):
Ø the gap-succession cycle in natural forests will tend to increase watershed

functions (increasing total water yield per unit rainfall without reductions in soil
structure and allocation towards quick flows), with negative effects (initially) on
plot level species richness; during the recovery the biodiversity value may recover
slower than the watershed function indicators return to the original state, as water
use in young secondary vegetation is high while species richness tends to increase
with successional age

Ø for shifting cultivation and long fallow rotational systems we can expect a pattern
similar to that for the gap succession cycle in natural forest; with increasing land use
intensity and shorter fallows, however, the system is likely to settle on a cycle in the
lower part of the graph with reduced biodiversity, but with watershed functions that
can be maintained as long as soil degradation and a switch to overland flow is
avoided
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Figure 4.1. Overland flow, soil loss per unit overland flow and the resulting net erosion from small
(20 m2) plots in forest and coffee gardens of different age in Sumber Jaya

Figure 4.2. Tentative trajectories of plot-level performance on watershed function and biodiversity
indicators of different land use systems, suggesting considerable variation around the
diagonal that represents proportional impacts on B and W, taking a natural forest as point
of reference; the trajectories are ‘guesstimates’ not based on solid empirical evidence
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Ø low intensity logging may be neutral to biodiversity (it creates gaps within a
vegetation with sufficient mature patches to allow for rapid recolonization, but
depending on the methods used to haul logs; it can be disproportionately damaging on
sediment loads of streams, especially if logs are transported through streams and thus
direct connections are made between tracks and streams; where log jams lead to
build-up of barriers to water transport that can break during high rainfall events, they
can contribute to downstream damage of ‘mud flows’

Ø high intensity logging may combine negative impacts on biodiversity with negative
impacts on biodiversity and thus return to the main diagonal

Ø reforestation is, in the short run, likely to have negative impacts on the water delivery
to streams as well as low flows, as well as generally negative for local species
richness; in the longer term, however, recolonization by forest species occurs, unless
prevented by silvicultural ‘management’, and the soil conditions may improve
allowing for a reduction in overland flows; these plantations can thus creep up on the
main diagonal towards the natural forest point of reference

4.1.2 (Sub) 4.1.2 (Sub) Catchment scaleCatchment scale

Quantitative indicators for the Way Besai catchment showed a significant positive trend
in the total water yield per unit rainfall. The buffering indicator was negatively correlated
with the total water yield, but for the other indicators the R2 of the tradeoff relation was
very low (fig. 4.3). This suggests that the potential downstream benefits of more water
are not associated with negative changes in river flow during the direst moth or less
buffering of peak events

Figure 4.3. Quantitative indicators
of watershed functions in
Way Besai, Sumberjaya
related to the total water
yield indicator for 23 years
of actual data
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The total discharge in the month with the lowest flow, expressed as fraction of annual
rainfall showed considerable inter-annual variability but did not change along with total
water yield. The increase in water yield was derived in periods of higher flow rates, but
the buffering indicator showed only a mild decrease and the buffering for peak events as
well as the relative buffering indicator (adjusted for changes in total water yield) showed
no downward trend.

For the Mae Chaem scenarios of plausible land use change a stronger indication
was obtained of a trade-off between gains in water yield and reductions in buffering (Fig.
3.49). The two models that were applied to the Mae Chaem data sets were similarly
successful in deriving the values of quantitative indicators of watershed functions for the
current land use mix.

Work is still in progress on comparing the models on the basis of our set of
indicators of watershed functions (Table 4.2).

 Table 4.2 Mae Chaem watershed function indicators for two models
DHSVM Actual GenRiver
Natural
Veg

Current
LU

Current
LU

Current
LU

Natural
Veg

Total Discharge Fraction # # 0.21 0.19 0.13
Buffering Indicator # # 0.89 0.90 0.93
Relative Buffering Indicator # # 0.49 0.45 0.54
Buffering peak events # # 0.91 0.88 0.91
Highest Monthly Discharge
relative to mean rainfall

# #
3.16 3.67 3.01

Lowest Monthly Discharge
relative to mean rainfall

# #
0.20 0.22 0.27

Overland Flow Fraction # # * 0.00 0.00
Soil Quick Flow Fraction # # * 0.08 0.03
Slow Flow Fraction # # * 0.14 0.08

Overall, the indicators of watershed functions indicate a (potential) tradeoff
between positive impacts of forest conversion on total water yield (generally seen as
positive as it allows for irrigation and extractions for domestic of industrial use in a
water-sparse world) (compare the report for Activity 1) and negative impacts through
increased likelihood of flooding and/or changes in dry season flows. Results presented
here suggest that the increase in peak flows is, for the study sites, proportional to the
increase in total water yield, as the relative buffering indicator does not change. In
simulation studies we can reconstruct situations with a more-than-proportional increase in
peak flows, in response to soil degradation – but this is not linked to forest conversion as
such, but to changes in land cover/land use further down the line. It appears to be very
well possible to arrest such degradation by avoiding land use dominated by open-field
agriculture. One can argue that the agroforestry mosaics actually combine the best of two
worlds: more water available downstream for irrigation, without more-than-proportional
increase in flooding risk.
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The technical report for Activity 1 suggested that the increase in total water yield
to rivers is matched by the use of water for irrigation. This suggests a simple transfer of
the location where actual evapotranspiration matches the potential values… forest
conversion reduced evapotranspiration in the upper catchments by the same amount as
irrigation agriculture increases it downstream. In terms of land-atmosphere interactions
this shift may have relatively little impact, although there can be a shift in timing with
more dry-season water use through irrigation that is less likely to contribute to rainfall
elsewhere. In the popular dialogue on effects of deforestation and its impact on reducing
rainfall via the ‘small cycle’, the effects of water use for irrigation appear to be ignored.

4.2 Scale effects of land use change on watershed functions and biodiversity

Question 2 was phrased as: “How do the impacts of land use change on watershed
functions and biodiversity vary with spatial scale?”

In the introduction we raised two key explanations for the absence of evidence (Table
1.2) for impacts of land use change on watershed functions for areas larger than 100 km2 :
Ø absence of evidence (because major land use change in large areas tends to take more

time than most empirical studies allow for; organizing ‘paired catchments’ for direct
comparison becomes increasingly different with size of the area and number of
people living in the landscape; inference from historical land use change is often
confounded by variability of annual rainfall),

Ø declining relative importance of land use as other factors start to influence the
watershed function indicators in larger areas.

We made progress on both explanations. Our data provide empirical evidence for an
increase in total water yield as well as changes in buffering for Way Besai (400 km2) for
a period of drastic land cover change (60 -> 15% forest cover). For the Mae Chaem (4000
km2) the historical land cover change has been less dramatic that that in Way Besai, but
simulation models suggest that a significant increase in water yield between natural
vegetation and the current land use mosaic has taken place. Plausible scenarios of further
land use change will continue on this trend towards greater water yield and less tree and
forest cover.

All models used here lead to an area-based scaling rule for total water yield (if the
contributing areas are weighted for their rainfall) – and thus to the expectation that local
impacts of land use change do contribute in a proportional manner to changes in river
flow downstream. This suggests that the absence of well-documented effects is largely
due to an absence of sufficiently sensitive studies that can disentangle changes in the
various factors influencing river flow.

The empirical scaling rule for maximum daily flow (Qmax is proportional to A0.75 )
suggests that spatial variation in rainfall allows the river system to dominate the buffering
effect. Our explorations with the SpatRain model indicate that spatially variable rainfall
in itself is not enough to explain the scaling rule, but that addition of the concept of a
rainfall-runoff intercept based on infiltration can form a technically consistent expla-
nation (Fig. 3.35).  A reduction in infiltration rate would make the maximum flows closer
to proportional to area, and thus increase the likelihood of an increase of maximum daily
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flows at ‘far field’ scale. In figure 4.4 we provide an illustration of the impact of this
scaling rule

Figure 4.4 Representation of the scaling rule for maximum daily flow on the basis of a

For two land use types in the up stream area (case 1. with an infiltration offset of 30 mm
day-1 and a transfer of rainfall to the streams of the excess 0.6 at a scale of 1 ha; case 2.
with an infiltration offset of 10 mm day-1, and a transfer to the streams of the excess of
0.9 at a scale of 1 ha; for both cases we assumes a maximum daily rainfall of 140 mm
day-1) ; in the upper panel a scaling rule of 0.75 is applied to both case 1 and 2, in the
lower panel a scaling rule as derived from fig. 3.35 for the infiltration offset used: 0.6 for
case 1 and 0.83 for case 2

One of the consequences of the scaling rule as such is that the maximum flow rate
relative to the mean annual discharge decreases rapidly with increasing size of the area
upstream. If a constant scaling rule of 0.75 applies, a change in land use upstream that
increases the fraction of a peak event that is transmitted to the stream can lead to a sharp
increase in maximum flow for areas less than 1 ha, but for areas of 10,000 ha (100 km2)
the absolute difference has become small. More significantly, if our theory of dependence
of the scaling rule on the infiltration offset (Fig. 3.35) holds true, the lines for maximum
flow can cross-over and the land use change that lead to an increase in maximum flows
locally (‘local hazard’) may even decrease maximum flows when large source areas are
considered. The example given here may explore the upper bound of thje likely
parameter space, but it provides (probably for the first time…) a consistent account for
the difference between ‘local hazard’ and ‘far field effects’.
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The scaling rules for species richness are subject to continuing debate, but as a
general rule we can expect total richness to increase proportional to A0.25. The difference
in scaling rules make it likely that the two issues overlap somewhere along the continuum
of scales, but this will be a cross-over point at a spatial scale where biodiversity values
level off and changes peak water flows are still prominent.

The results of the FALLOW model simulation confirm the potential relevance of
riparian zone forest connectivity for control of sediment loads of rivers. This type of
‘cross-scale’ vegetation is likely to be important for connecting areas of high biodiversity
value as well, suggesting that there are landscape elements with great relevance to B and
W, even though the two issues do not coincide elsewhere.

4.3 Degradation/recovery of watershed functions and biodiversity?

The four scenarios for changes in the Mae Chaem catchment differ substantially from the
current situation as well as from each other. However, all will likely involve a reduction
in forest and tree cover and an increase in total water yield (Table 3.9).

The predicted impacts of the four scenarios on quantitative indicators of
watershed functions are relatively small – smaller probably than most readers will expect.
It seems likely that the impacts of the four scenario’s on biodiversity value differ more
than their impacts on watershed functions  (although we don’t as yet have the ability to
quantify such effects in a similar way). A focus on ‘parks’ would, according to the
scenario, not be able to stop the reduction in area of the evergreen forest that may have
the highest value due to its scarcity, but it would maintain more of this habitat than the
other scenarios (Fig. 3.45).

More severe degradation of watershed functions occurs locally in the Sumber Jaya
area, where early stages of coffee on steep slopes can lead to a denuded soil. In part of the
domain this may lead to degradation from which recovery is difficult, as a lack of plant
growth implies a lack of litter production that could signal the way to recovery of surface
structure and thus infiltration of water. In most of the coffee gardens, however, recovery
does take place, along with the development of a surface litter layer. Ongoing research by
the ASB Indonesia team on the conditions that lead to surface movement of litter, and
thus the slow-down of recovery, suggest that large leaves move slower than small ones,
and thus that pioneer-phase vegetation (with typically larger- leaved species) may have a
specific role in the recovery phase.

4.4 Does landscape pattern matter?

The results of the FALLOW model simulation indicate that for processes with a strong
‘lateral flow’ component, such as transport of soil particles over the surface (erosion/
sedimentation) landscape pattern clearly matters, and the percentage of different land
cover types is not sufficient to predict effects. Further exploration of these ideas by
Ranieri et al. (2004) indicate that the width of a riparian filter zone may have to vary with
the erosion risk of areas uphill from it. Models that account for lateral water flows on hill-
slopes, such as the WEPP model explored by Ranieri et al. can provide more detail in
these relations.
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In its model structure, the DHSVM model deals with the lateral flows in a more
explicit way than GenRiver or Fallow and could be a basis for evaluating the impacts of
pattern.

The role of paddy rice fields in valley bottoms on net sediment transfers is subject
to debate and ongoing quantitative research. The role of paddy fields as ‘filter’ appears to
be limited to small valleys with a limited inflow of overland water plus sediment –
otherwise farmers are likely to make ‘cut-off’ drains at the toe of the hillslope. The filter
effect is partly undone during puddling and land preparation when muddy water leaves
the plots. More importantly, during peak events the paddy rice fields are vulnerable to
wash out and soil gradually accumulated can be lost in a single event (not easily captured
in experimental data sets). Yet, for the time being we ascribe a positive filter effect to
paddy rice fields, especially to those in narrow valleys (which can easily escape remote-
sensing).

In our exploration of local knowledge of soil and water movement (Joshi et al.,
2004) we found that concepts of overland flow and filter effects for sediment are well
articulated, as are the interactions of paths and fields. Were a local process of land use
planning and zoning gets a chance (as in the Mae Rak example discussed in chapter 2),
interactions of this nature are well taken into account.

A comparison of the degree of public concern and land use regulation between the
two main catchments in Thailand is suggestive (Fig. 4.5):
Ø The within-country river Chao Phraya feeds Bangkok and the main rice producing

areas of Thailand, and still has substantial tree cover as well as protected areas in its
upper parts,

Ø The Chi & Mun sub catchments of the cross-border Mekong river that flows into
Cambodia and Vietnam has hardly any land with more than 20% tree cover (there is a
sparse remnant of the natural vegetation in the forms of trees left on rice bunds etc.),
and hardly any protected areas.

While strongest policy emphasis has been on upper watersheds of the Chao Phraya basin
above important ‘rice bowl’ production areas in the central plains of Thailand, such
interpretations from current land cover patterns also ignore underlying biophysical and
historical factors.  The “Khorat Plateau” of Northeast Thailand is primarily an area of
quite gently rolling terrain, with soils that are relatively coarse-textured with poor fertility
and often with strongly plinthic horizons.  Thus, the natural forest in many upper areas of
the “mini-watersheds” of the region is quite open and highly deciduous.  The low soil
fertility, poor water-holding capacity, and locally erratic rainfall patterns have meant that
an average household requires relatively more land to meet their subsistence rice needs.
Moreover, rapid population growth prior to the implementation of Thailand’s effective
family planning programme has resulted in a population of more than 20 million people
highly distributed among tens of thousands of villages; significant levels of urbanization
are a historically very recent phenomenon. And, since this has been the poorest region of
the country, it has been politically extremely difficult to constrain expansion of first
subsistence rice-based farming, followed by the massive boom in cassava production
(and more recently sugarcane) as the region’s major cash crops.
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Figure 4.5 Comparison of the degree of forest cover and fraction of protected areas between the
Chao Phraya basin (draining to Bangkok) and the cross-border Mekong basin

In addition, the primary targets for establishment of protected forests throughout
mainland Southeast Asia has been in steeply sloping mountain areas; those are limited to
the western and southern edges of the Khorat Plateau and a limited area in the
northeastern corner, which is where the region’s few protected areas are located.  With
quite high proportions of the region’s population responding to labor demand associated
with Thailand’s industrialization and economic growth, many are now optimistic that tree
cover may increase in the region, but most would likely be in the form of tree crops and
community forest.

4.5 How to reduce ‘local hazard’ and negative ‘far field effects’

From our analysis of the data and from the set of model assumptions that appears to be
adequate to account for them, we can dissect the ‘forest conversion’ effect into a number
of components that is responsible for the balance of negative and positive impacts on the
various indicators of watershed functions. Conversely, this breakdown suggests the type
of interventions that can reduce the negative sides of ‘local hazard’ while benefiting from
the positive side of ‘far field’ effects through enhanced water supply. The key process
that is under direct control of land cover is ‘infiltration’ – the various quantitative
indicators of watershed functions follow directly from it. In a technical sense we have
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seen that the infiltration offset can influence the fractal dimension (scaling factor) of peak
flows, and thus extend the range of ‘local hazards’.

Trees are the traditional focus of ‘watershed rehabilitation’ projects and efforts. Yet, the
direct impact of greater tree cover is likely to be negative on dry season flows (as
explored in the null-model of section 3.2), while the reduction in peak flows by greater
canopy interception is likely to be felt in small rather than large rain events. Tree roots
can play a significant role in reducing a specific category of landslides (Sidle and Dhakal,
2003) and the highest landslide risk can be expected 3-10 years after cutting deep-rooted
trees, depending on their decay rate. Deep-rooted trees are, however, in direct
competition with the slow flow pathway of water to streams, as they tend to remain green
for a longer period of time into the dry season. Specific locations where specific types of
trees can of use include trees that are well adapted to the outer riverbed – and that help
slow down flows during peak flow conditions. Farmers in the Mae Chaem area have
identified some species for such a purpose (Van Noordwijk et al., 2003). In general,
however, the focus on ‘trees’ for avoiding negative impacts on watershed functions
appear to be uncritical and overrated. A good overview of the water use by trees through
interception and evapotranspiration is provided in the HYLUC model of Calder (2003)

Litter layer
Resistent part: Surface cover protects from splash erosion and increases sedimentation
Decomposable part: Food for worms enhances soil structure and infiltration

An underrated part of the trees is probably their contribution to the litter layer… Litter of
different chemical and physical characteristics plays complementary roles in enhancing
infiltration and reducing overland flows and net sediment loss. Ongoing research in
Sumber Jaya benchmark suggests that indeed mixed sources of litter in shade coffee
gardens are to be preferred over monotypic litter in a coffee monoculture. Litter fall does
not depend on trees as such: shrubs and perennial herbs can also provide mulch, as can
the use of cover crops and retention of crop residues in agriculture that is based on ‘no
till’ or ‘minimum till’ methods. Some forest types have a negligible or deficient litter
layer: forests where mulch is collected for use in agriculture nearby (as tend to occur in
densely populated parts of Java – see Wiersum 1984), or where the surface litter layer is
burned (naturally or deliberately to enhance the production (or at least visibility…) of
mushrooms, as is common in parts of montane mainland southeast Asia. High erosion
rates and soil compaction in these circumstances suggest that indeed the litter layer rather
than the trees is the key element of a ‘forest’

Surface roughness as provided by litter layers, small depressions and a lack of rapid
drainage channels is greater in natural forest than in most derived land covers, including
‘reforestation’. Roughness provides some storage for water, and can increase the time-
span available for infiltration on slopes. Roughness is poorly described for most land
cover types, and is poorly represented in the existing models. The key issue probably is to
reduce and or reverse the opportunities for rapid surface runoff. Unregulated runoff can
have a strong effect on erosion, so channeling the runoff along roads and built-up areas is
normal practice. It will, however, reduce infiltration in a direct way. ‘Reforestation’
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efforts do not generally try to return to forest conditions in terms of drainage and surface
roughness – they might become more effective if they would.

Wetland, bank overflow areas (spill over) and reservoirs can complement the buffer
functions of the hill slopes, as is indicated in our discussion of the Way Besai data
(section 3.1). Flooding upstream protects areas downstream, and reductions in flooding
upstream may directly contribute to flooding risk downstream. Although the vegetation
type can often be directly interpreted as indicator of flooding frequency, terrain models
have to be very detailed and accurate before they can be used to predict these effects in a
quantitative way. Small barrages and dams that obstruct the rapid flow of water have, in
flat terrain, been shown to restore groundwater levels upstream and provide for well
water in the dry season. Such interventions in the river bed are likely to have a greater
payoff on watershed functions than changes in tree cover per se.

Riparian vegetation and bank stability play a key role in the sediment load of rivers, as
they provide filter functions for overland flows, slow down river flow during bank
overflow conditions, and control the rate of mass wasting of soil by collapse of river
banks.

It may be interesting to note how a more process-based understanding of actual
changes in watershed functions can inform the process of negotiations between the
multiple stakeholders in an upper watershed area. In the Sumber Jaya ASB benchmark
area ICRAF and partners have been supporting a process whereby farmer groups
obtained a greater security of land tenure for coffee-based land use under the umbrella of
‘community based forest management’ (HKM in the Indonesian terminology). The
starting point for this agreement from the foresters’ side had a strong emphasis on the
number of trees per ha (where coffee is not a tree…). The agreement is based on a broad
formulation of ‘maintenance of functions’. In follow up discussions the ideas of the
presence of a surface litter layer as criterion is discussed, as well as village-based
monitoring of water quality.

From our evidence we can revisit the observation by Kiersch and Tognetti (2002)
that evidence for effects of land use change on watershed functions appears to be limited
to areas of 100 km2 or less. In our analysis (Table 4.3) the possible reasons for this ‘lack
of evidence’ differ between the various aspects of river flow considered. For some it is a
‘plausible lack of evidence or real impacts’, for others a ‘plausible lack of impacts’.
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Table 4.3. Summary of evidence regarding the ‘scale effects’ of land use change impacts on
watershed functions (compare Table 1.2)

Aspect Intrinsic scaling
relationship

Is the restriction of LU impacts to
100 km2 real?

Total water
yield

Proportional to relative
discharge efficiency of all
land uses upstream,
weighted by rainfall

1) Lack of evidence for areas > 100
km2 is probably based on difficulties
of inference for the slower process of
land use change when larger areas are
considered.
2) A major hypothesis that emerges is
that additional water after forest
conversion creates opportunities for
irrigation that tend to be used on a
decadal time scale, leading to neutral
effects on overall flow

Peak flows Intrinsic scaling rule for
maximum daily flow rate of
area0.75; our analysis sug-
gests that the power of the
scaling rules does depend on
land use

Lack of evidence of noticeable
impacts on peak flows may well
reflect a real ‘lack of impact’ rather
than ‘lack of evidence’; within the
reduced uncertainty world of models
impacts can be traced further
downstream, but uncertainty about the
areal extent of peak rainfall events that
are the driver for peak flows limits
empirical inference

Dry season
flows

Where the flow pathways for
slow flows are not beyond
the root zone of (deep-
rooted) trees, substantial
effects of spatial pattern can
complicate the intrinsic area-
based scaling rule

Impacts in areas larger than 100 km2

can be real, but the multitude of flow
pathways when larger areas are
considered makes inference more
complex. In dry areas the impacts of
land cover change through changes in
groundwater flow and its salt load can
extend to 10,000 km2 areas or more as
in the Australian case

Sediment load Larger areas tend to include
areas where sedimentation
can occur, as well as involve
a change from ‘substrate
limited’ to ‘energy limited’
dynamics of the sediment
load of streams by passage
through ‘sedimentation fans’
or ‘alluvial deposits’

The change from direct land use
related drivers to conditions in the
river bed as main explanation of
sediment loads makes impacts of land
use change less important when larger
areas are considered
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4.6 Reflection on the hypotheses

Hypothesis Evidence Adequate model represen-
tation that allows testing

0. Differences in the
thresholds involved in
the relations between
land use intensity,
biodiversity conser-
vation and the various
watershed functions
make it unlikely that
local interests in wa-
tershed functions (W)
will be sufficient to
achieve biodiversity
conservation (B)

Conversion to coffee-based
agroforestry mosaic in
Sumberjaya ASB benchmark is
OK for W, but involves large B
loss. W thresholds relate to soil
(and thus to belowground
biodiversity?), riparian zone filter
and wetland buffer areas (a
subset of B), rather than on B as a
whole

Scaling relationship of
biodiversity value from
patch to landscape mosaic
remains major challenge;
biophysical side of W and
its scale relationship and
pattern dependency is
sufficiently understood;
translation to ‘stakeholder
value’ is still a challenge

1. Initial stages of land
use intensification al-
low both watershed
protection and biodi-
versity conservation
functions to be main-
tained at levels close to
that of natural forest

Logging operations tend to dama-
ge W rather than B depending on
log transport through streams;
‘reduced impact logging’ has less
negative W impacts; selective
NTFP extraction is a risk for B
rather than W, at population
densities < 5 km-2; open field
agriculture with fallow rotations
can maintain most of B and W
values till 10- 15 persons km-2;
forms of modified forest with
‘domesticated’ NTFP’s can allow
for 30 persons km-2 in high B and
high W landscapes

The initial stages of land use
intensification as such are
poorly represented in
models, as they tend to lead
to gradual changes that are
not easily recognizable by
remote sensing. The
FALLOW model is
available as vehicle for
translating effects on B and
W known at the activity
level to their consequences
in a land use mosaic

2. Substantial further
intensification is
feasible without major
negative impacts on
any of the watershed
protection functions
through forms of
agroforestry, but with
major losses to
biodiversity value

Conversion to rubber agrofores-
try mosaic as in Jambi ASB
benchmark is OK for W and
maintains B, but close to its
threshold at 50 persons km-2;
further intensification in tree
crops affects B rather than W; for
‘open field agriculture’ the B loss
in reducing fallow periods clearly
proceeds loss in W

Most existing models can
translate changes in
aboveground vegetation to
changes in interception and
seasonal patterns of
evapotranspiration. Impacts
on the ‘slow variables’ via
changes in soil structure are
modeled only in some of the
more recent models – and
need further parametrization
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3. Further (attempts at)
land use intensification
will negatively affect
most watershed
functions, leading to
land covers that
represent low values
for both functions

Intensification in tree crops such
as coffee to ‘sun coffee’ can
affect W in Sumbarjaya ASB
benchmark. Intensification in
open-field agriculture has a
challenge in maintaining soil
structure and thus W; Mae
Chaem benchmark data on soil
bulk density support this
conclusion

Where soil compaction leads
to measurable changes in
bulk density, relative to its
texture-based reference
value, translation to
infiltration in process-based
models is feasible. Adequate
process description for
surface runoff exists, but the
entrainment of soil particles
into this flow and the way
this depends on surface soil
structure is still largely
empirical

4. Starting from
landscapes in which
both watershed
functions and
biodiversity values are
highly degraded,
opportunities for
rehabilitation of most
watershed functions
exceed those for
recovery of
biodiversity values

The time frame required for
rehabilitation of biodiversity
depends on the type of habitat
and the effective removal of the
land-use related threats to
biodiversity. Rehabilitation of
watershed functions is likely to
be more compatible with
intensive land use. Restoration of
filter and buffer functions and
properties at the soil surface can
be rapid, but the time frame for
effective restoration of soil
structure for deeper infiltration is
uncertain (and may be similar to
that required for aspects of
biodiversity

Biodiversity restoration and
its dependence on biological
reservoirs in the broader
landscape is not adequately
represented in current
models. The process-level
description of regeneration
of soil structure in
WaNuLCAS remains to be
tested with field data

5. Total water yield
from catchments
primarily depends on a)
rainfall, b) the fraction
of rainfall used in
evaporation of canopy-
intercepted water, c)
the amounts transpired
by ‘evergreen’ and
‘deciduous’ natural or
managed vegetation
and d) the extractions
for water use elsewhere

For sufficiently longtime periods
this may be a ‘truism’, but inter-
annual variability in rainfall (incl.
El Nino years) and inter-seasonal
transfers via changes in the soil
and river storage terms can be
substantial. Model tests for larger
areas generally have the ‘excuse’
of uncertainty in the actual
rainfall amounts, as the density of
rainfall stations is insufficient for
direct extrapolation to the
catchment areas as a whole

Models can deal with this
issue with different degrees
of temporal and spatial
resolution, but the
underlying processes are
well represented
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6. The ratio of peak
and base flows
primarily depend on a)
properties of terrain
and soil profile and b)
land-use related
changes in plot-level
soil (surface) structure
and c) landscape-level
drainage structure, and
can thus operate
independent of changes
in total water yield

The Way Besai (Sumber Jaya)
data summarized in Fig. 4.3
indicate independence of peak
flows as well as low flows where
total water yield increased after
forest conversion; this data may
be the first of its kind in the way
of data analysis, but the
underlying process is probably
not unique for the location…

Controls on soil structure
and infiltration operate at a
different time scale form the
controls on aboveground
water use; some of the
recent models include
dynamic changes in soil
properties and can thus
explore the time-lags
involved

7. Temporal dynamics
of high and low flows
of rivers are influenced
by spatial scale through
a) the space-time
characteristics of
rainfall, b) the land-use
related speed of
delivery to streams and
c) the (riparian-zone
related) transport
properties of the river
system; the direct
influence of land use
change on stream flow
strongly decreases with
distance along the
stream

For the Way Besai series we
found that models with spatially
heterogeneous rainfall can give a
more satisfactory account of the
frequency distribution of flow
regimes than any method that
assumes station-level rainfall to
apply across the catchment.
Impacts of river beds on stream
flow are likely to be noticeable
only in large areas

Engineering models of river
flow can include impacts of
the river bed on flow
conditions, but tend to
exclude effects of land use
on process of water delivery
to the streams. Models that
started from the analysis of
land cover change tend to be
lacking in detail on the
conditions of the river bed.

8. Spatial organization
of a landscape, at given
fractions of land cover
types, has a strong
influence on net
sediment loads of
streams and rivers but
less so on total water
yield or peak flows

Data on erosion and net sediment
loss after slash-and-burn land
clearing in Jambi (Roodenburg et
al., 2003) show the importance of
land form. The FALLOW model
application to Sumber Jaya
makes plausible that there are
impacts of location of tree cover

Models need to explicitly
account for ‘lateral flows’ to
allow exploration of
locational effects. Ranieri et
al., 2004 give examples.
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9. Local hazard to
people living in a
(sub)catchment due to
changes in watershed
functions in response to
land use changes are
primarily linked to a)
peak flow after peak
rainfall events, b) low
dry season flows, c)
landslides and d)
changes in water
quality (sediment load,
pollutants, nutrients)

Where drinking water and water
for other domestic use is directly
derived from the landscape, local
concerns over water quality may
dominate over concerns over
water quantity. Protection the
flow lines that generate
groundwater streams, through
protection of forests on fill tops
and upper slopes may derive
from such ‘quality’ concerns

The location in the
landscape where slow flows
appear (in springs or
otherwise) can only
predicted from a detailed
geomorphological study;
changes in the amount of
water that enters such
pathways can be simulated
by most of current water
balance models.
Landslide risk models tend
to focus on ‘permanent’
features such as slope, soil
type and climate, rather than
on properties that can
change through land use,
such as root strength (but
see Sidle and Dhakal, 2003)

10. Far field effects on
people living
downstream are
primarily linked to
changes in a) total and
seasonal water yield in
relation to the transport
capacity of the river
network and the
probability of bank
overflow at critical
locations, and b) the
storage capacity (in
lakes, reservoirs,
floodplains) of the river
network.

The management rules of
reservoirs and dams tend to
dominate flooding risk in rivers
that are heavily regulated; the
public perception tends to
overrate the importance of forests
in upper catchments for such
circumstances

Extractions from the river
for irrigation can, especially
in dry areas, be a significant
factor that tends to be
underrated
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4.7 Priority issues for follow up research
This study has brought to light a number of weakness in existing models and the
underlying process knowledge, and opportunities to make significant progress. Important
challenges are:
Ø Better quantification of water use by different forest types, especially for

subhumid zone as in Mae Chaem
Ø Better representation of long term changes in soil physical properties and

opportunities for rehabilitation under local farm management (dynamics of soil
properties in models such as GenRiver)

Ø Representation of filter effects on overland flows into models based on generation
and infiltration of overland flow, entrainment of soil particles in overland flows
and conditions that allow sedimentation

Ø Dynamic representation of landslide risks linked to dynamics (growth and decay)
of deep root system for different forest types and trees in sparse vegetation

Ø Role of bank erosion and changes in storage capacity of the river bed in net
sediment flows

Ø Conditions under which flooding risk will increase more than proportionally to
the average buffering indicator

Ø Role of bank overflow and temporary water storage in wetlands on flooding risks
downstream (‘landscape level buffering’)

Ø Rainfall patterns with complex orographic effects such as in Mae Chaem and their
impact on error margins in models based on input-output comparisons
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5.  Conclus ions  for  natural  resource  management5 .  Conclus ions  for  natural  resource  management

5.1 From a natural resource management perspective ‘watershed functions’ and
‘biodiversity conservation’ are clearly separate issues, as the thresholds for change
during land use intensification differ substantially; indicators at plot, landscape,
subcatchment and catchment scale of the historical land use change between ‘natural
vegetation’ and ‘current land use pattern’ suggest that watershed functions involved
in the transfer, buffering and gradual release of water are maintained (or even
improved as far as total water yield is concerned), despite considerable loss in
biodiversity value. Only upon further intensification of land use with a dominance of
open –field agriculture (or built-up urban areas) will these watershed functions be
affected negatively. The separation of ‘watershed functions’ and ‘biodiversity
conservation’ agendas at a policy level has important consequences for the overlap in
stakeholders. Only in very specific circumstances can we expect local interests in
maintenance of watershed functions to lead to the type of land cover that is optimal
for biodiversity conservation.

5.2 The empirical scaling rule that relates maximum daily flows (and thus flooding
risks) to area to the power 0.75 and mean annual flows to area as such, suggests that
flooding risk is a ‘local hazard’ and total water yield a ‘positive far field effect’ of
forest conversion. The scaling rule can be understood from the spatial pattern in
rainfall, only in combination with a (land cover dependent) intercept in the rainfall-
runoff relationship. It is thus likely that land cover change cannot only affect the
maximum flows at plot level, but also the inherent scaling rule. The scaling rule for
species richness (roughly proportional to area to the power 0.25) differs essentially
from that for watershed functions, and we can thus expect the trade-off between
biodiversity and watershed functions to differ with the area under consideration. For
biodiversity values a ‘segregate’ scenario with areas of high biodiversity value
effectively protected in a landscape otherwise optimized for productive functions may
be optimal. For watershed functions a more ‘integrated’ land use mosaic that prevents
any area from degradation beyond critical thresholds is preferable. The combination
of the two functions, in terms of specific conservation areas in a ‘matrix’ of an
agroforestry mosaic that allows for both productive and protective functions requires
separate management and regulatory approach to the two types of areas and specific
attention to their interface

5.3 Where earlier summaries of the impact of land use change on watershed functions
had found little solid evidence for areas larger than 100 km2, our data for Way
Besai (400 km2) and Mae Chaem (4000 km2) provide empirical evidence for an
increase in total water yield as well as changes in buffering for the former, for a
period of drastic land cover change (60 -> 15% forest cover); for the Mae Chaem the
historical land cover change has been less dramatic that that in Way Besai, but
simulation models suggest that a significant increase in water yield between natural
vegetation and the current land use mosaic has taken  place; plausible scenarios of
further land use change will continue on this trend towards greater water yield and
less tree and forest cover.  
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5.4 The current evidence from historical change in the benchmarks and from the
(validated) models suggests that increases in peak flows are proportional to changes
in total water yield; more-than-proportional increases in peak flows only are expected
for land use scenarios that lead to substantial soil degradation

5.5 Realistic land use change scenarios for the uplands of Asia have to provide
livelihood and income opportunities for a rural population that is still growing.
Declaring large areas as ‘forest reserves’ and expecting farmers to leave is not
realistic. Mosaics with tree-based production systems, rather than open-field crops
may provide the best way to provide income while maintaining soil conditions
conducive to infiltration. The biodiversity value will depend on the opportunity to
reserve (segregate) parts of the area for specific conservation purposes, in a socially
integrated way. The impacts of land use patterns on biodiversity is likely to exceed
the impacts on watershed functions.

5.6 Specific attention to riparian zone forests  as landscape elements that can reduce
sediment loads of streams as well as play a role in connectivity for plants and animals
is warranted; this may be one of the main items where a watershed function and a
biodiversity conservation agenda find synergy; a second shared interest is likely to be
in the maintenance of wetlands along the river, that can provide a buffer function
reducing the risk of flooding downstream, as well as providing important habitat for
flora and fauna.

5.7 Ridge top forests can also play an important role as corridors for flora and fauna and
thus for biodiversity conservation, especially where human access is primarily linked
to the valleys. Ridge top forests (but not their spatial continuity) are relevant for
protecting groundwater flows that are tapped for drinking water or other situations
where water quality is of specific interest. The emphasis on riparian forests may thus
need some nuance.

5.8 While the benefits of forest conversion for total water yield form a positive ‘far
field’ effect, the associated higher peak levels require adjustments in the stream bed,
depending on the degree to which barrages and dams regulate flows and provide
temporary storage

5.9 Local hazards of a change in watershed functions are likely to be more clearly
identifiable, both because of the relative size of the ‘insult’ is likely to be larger, and
because of intrinsic scaling properties for peak flows. Local stakeholders are likely to
have a clear interest in protecting the areas from where they derive their drinking
water, as well as areas that stabilize slopes above villages or other vital functions; this
type of land use zoning will differ from the broad land use classifications that were
developed for many countries in SE Asia, with little implementation on the ground.
Where derived from a local negotiation process and supported by local monitoring of
water quality and other indicators of watershed functions. Local ecological
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knowledge is more likely to acknowledge the changes in effective infiltration than
spatial extrapolation methods based on currently available soil information.

5.10 Protecting existing forests on slopes with soils that allow high infiltration rates
makes sense, both for water quality and potentially for supporting dry period/season
flows, especially where annual rainfall is more than say 1500 mm year-1.

5.11 Expectations of a recovery of infiltration based on planting trees are seldom
realistic (except for the direct early effect of planting holes in sealed-surface
conditions), and the net effect of rapidly increasing water use and slowly recovering
infiltration on dry season flows is likely to be negative for a time frame beyond
'projects' life spans.

5.12 In the interactions between stakeholders in real landscapes, the tangle of
convenient myths, half-baked perceptions, sound experience and valid concerns needs
to be acknowledged as such – science-based evidence (the core of this report) can
only help if it can provide a common platform for discussions.
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7.  Appendices7.  Appendices   

7.1 Appendix 1. Formal description and terms of reference for Activity 2

Goals:
a) Use process-based hydrological models to assess the impacts of land cover changes

on hydrological effects such as water flow and water quality over at the micro
(watershed) and meso (river basin) scale, and characterize the areas that cause and
experience impacts according to population, biodiversity, and poverty (to the extent
possible);

b) Explore the complementarity and consistency of hydrological models with different
ranges of scale and differing emphases in the representation of physical processes

c) To the extent feasible, formulate guidelines or generalizations on the impact of
biodiversity-relevant land use changes on hydrological processes such as
sedimentation and landslides, as a function of watershed scale, land cover/land use,
climate, and topography.

Phase II deliverables (activity I + II)
1. Implementation protocols for all sub-activities under Activities 1 and 2. These

will provide detailed specification (subject to revision) of the performance of
these tasks, including data sets and variables to be used as inputs, models and
analytic procedures to be applied, outputs expected, geographic scale and scope of
analysis, timing of activities, and assignment of responsibilities.

2. Technical reports covering all activities, detailing data sources, methods and
models applied, substantive outputs, and policy or methodologically relevant
conclusions.

3. Spatial datasets and analyses, with appropriate metadata, in archival form (e.g.
CD-ROM) available by ftp from a public website:

a) covering the humid pantropics and impact areas, including an integrated
global gridded dataset incorporating key variables from activity 1A
(population, biodiversity, land use change scenarios, hydrological impact
areas, hydrological hotspot areas)

b) for MMSEA and Mae Chaem watersheds, comparable data where
appropriate.

4. Two (or more) manuscripts of quality suitable for submission to internationally
recognized refereed journals, possibly with World Bank staff and/or other partners
as coauthors.

a)  At least one manuscript, corresponding to activity 1, should make a
significant contribution to delineating, at the global scale, areas and
populations that are (or are not) at potential risk from the hydrological
impacts of land use change in the study focus areas; and the degree to
which threat-posing land use change also impacts biodiversity. (These
results also will feed into the ASB Global Synthesis Report which, in turn,
will contribute to the ASB cross-cutting assessment of ‘Forest and
Agroecosystems Tradeoffs in the Tropics’ that has been selected as a sub-
global component of the Millennium Ecosystem Assessment.)
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b)  At least one manuscript, corresponding to activity 2, should represent a
significant addition to the methodological and substantive understanding
of the relation among land use change, biodiversity, and hydrological
functions in small and medium basins.  The manuscripts should also
provide substantive information on hydrological risks and relevant policies
in MMSEA.

5. Two  (or more) ASB policybriefs derived from manuscripts described above.
c) At least one brief on the coincidence of biodiversity-rich rainforest

habitats and human populations ‘upstream’ and the exposure of human
populations ‘downstream’ to degradation of watershed functions, with
particular attention to flood regulation, describing implications for policies
that seek to address poverty, biodiversity, and hydrological externalities
through a common instrument

d) At least one brief focusing on land management in medium and small
watersheds, discussing the need for and possibilities for policies to shape
land use patterns so as to improve biological, hydrological, and
agricultural outcomes.

6) Two policy seminars (one in Washington, DC, at the Bank, the other in the Hague at
the Netherlands Ministry of Foreign Affairs) to report results.
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7.2 Appendix 2 Terminology used for watershed functions

The broad category of ‘watershed functions’ may well be the first ‘environmental
service functions’ that has been recognized as such, and it continues to be the one with
the largest immediate relevance for people, especially for poor people who don’t have the
opportunities of the better-off to shield themselves from the impact of droughts, floods
and poor quality of water. With strongly increasing demand for water and a constant
supply, the prediction that conflicts over water are likely to increase is easily justified.

A simple way to explore the overall concept of ‘watershed functions’ is first of all
to look at the hydrological ‘outcomes’, in this case the flow of water coming out of an
area in rivers, and sometimes in subsurface groundwater flows. We can distinguish (see
ASB lecture note 7) between the

- Quantity or total water yield

- Evenness of flow, which implies high flows in the ‘dry’ season and an absence of
strong peak flows in the set season

- Quality of water, with respect to its use as drinking water, other domestic uses,
industrial use, irrigation or as habitat for fish and other water organisms

These three aspects are influenced by land use to different degrees, and this has
consequence for possible ‘reward’ mechanisms.

7.2.1 Total water yield7.2.1 Total water yield

Rainfall varies between different parts of the earth, from approximately 0 to over
10 m of rainfall per year (that means that if rainfall would not infiltrate the soil or runoff
laterally a lake of 10 m depth could be formed in a year, in the absence of evaporation at
the surface of the lake). Rainfall is usually expressed in mm rather than m, and is broadly
linked to the type of natural vegetation: evergreen tropical forest usually requires rainfall
amounts of more than 1500 mm year-1, deciduous (= shedding leaves in an ‘off’ season)
forest and savanna  may grow in the 800 – 1500 mm year-1 range, and various forms of
scrub or open vegetation in the 300 – 800 mm year-1 range. Below 300 mm year-1 very
few crops can be grown without irrigation, and the natural vegetation will consist of short
grass or desert specialists. As forests are associated with high rainfall, it may come as no
surprise that the cause-effect relation has been confused: do forests cause rainfall? Or
does rainfall allow forests to grow?. The perspective that deforestation will lead to a
reduction of rainfall has a long history (elegantly reviewed by Williams in his book
‘Deforesting the Earth’), but remarkably little hard evidence in its support, despite the
large scale at which the ‘experiment’ of deforestation has been implemented, first in
Europe, than in north America and currently in the tropics.
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Figure App2.1. Schematic relations of ‘water quantity’ as landscape outcome

Current evidence points to clear relations at global scale, with atmospheric cir-
culation and thus rainfall zones shifting even if the total may stay the same. Some places
definitely have become wetter, others drier, and future changes may add to variability,
even if the direction of change for specific locations is not clear yet. These real changes
in climate have coincided in many parts of the tropics with real changes in forest cover –
even though the causal link is indirect, via global climate change. The continued percep-
tion of a direct link is thus understandable, but a real effects is unlikely to be large, if it
exists at all. If we take for granted that effects of local land use on total annual rainfall are
small, the main effect on  total water yield of a catchment area is a change in the rate of
evapotranspiration, or the return flow of water molecules to the atmosphere. In a simple
equation: Q = P – E, or the total water yield (surface rivers+ groundwater flows) equals
precipitation (rainfall plus snow and ice, which in most parts of the tropic can be ignored)
minus evapotranspiration. That leads to the scheme in figure App2.1.

Four classes of land cover can be distinguished from the perspective of evapo-
transpiration:

- open water bodies, where water loss is determined by the relative humidity of the
air and the presence of a stagnant boundary layer of air that reduces the transport
of water vapour,

- open soil, which may have a rate of evaporation similar to open water bodies
when the surface is wet, but where evaporation may rapidly become limited by
the rate of transport to the soil surface; soil cover with a litter layer provides a
stagnant air zone, further reducing transport opportunities and mixing with the
atmosphere

- seasonally green vegetation: most plants are able to provide their leaves
(evaporating surfaces) with the amount of water that is needed for evaporation
similar to an open water surface, during most of the rainy season; during periodic
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dry spells, plant transpiration is likely to drop below the value of open water, but
stay above that of open soil,

- evergeen vegetation such as evergreen trees (e.g. pines, eucalypts, trees such as
grevillea), irrigated rice paddies or vegetable crops will have a rate of
transpiration equal to that of open water, or higher if lateral flows of dry air drive
the evapotranspiration per unit area to higher levels.

Efforts of land users that will reduce evapotranspiration and thus increase total
water yield may thus be found in not planting evergeen trees (especially fast growing
ones), or irrigating rice paddies or vegetable crops in the dry season.

The differences in total water use between different types of vegetation
(deciduous or evergreen) are often less than 300 mm year-1. In a climate zone with a n
annual total of 1500 mm year-1, such a difference is likely to be noticeable (and many
villagers complain that reforestation with pine trees or eucalypts reduces dry season flow
or total water yield – even though the public and forest service tends to believe that such
trees will increase water yield….). In climates with higher rainfall the same absolute
difference will be smaller relatively speaking., and may drop below the threshold of what
people can notice and care for.

Overall we can say that the total water yield of any ‘catchment ’ area is largely
determined by rainfall and thus outside of the control of any local land users. The
difference that land cover can make is fairly well bounded (less than 300 mm year-1), and
rewards for efforts may have to focus on this difference against baseline, rather than at
the total volume that actually comes out of a watershed (unless attributes a greater
influence to ‘human rainmakers’ than most of them would subscribe to themselves).

 Total water yield per unit rainfall can be used as indicator, with a value that increases
more than proportionally with total rainfall. The potential effect of land use change is
likely to decrease  more than proportionally with total rainfall.

7.2.2 Evenness of water flow and buffering7.2.2 Evenness of water flow and buffering

Floods alternating with droughts – that is the general picture of ‘disturbed
watershed’. When we make a comparison across the tropics, however, we see that not
only the total amount of rainfall per year varies over more than two orders of magnitude
(i.c. from 0.1 – 10 m year-1), but also the variability: the number of dry and wet months
can vary quite independently of total rainfall (giving rise to various climate classification
schemes that use the number of dry and wet months rather than total rainfall). Evenness
of riverflow, in the sense of a continuation of flow during dry months and an absence of
high peaks and floods in wet months, may thus be largely attributed to the local climate –
and thus to the ‘natural capital’. Land cover, and thus the decisions of local ‘actors’ will
influence the degree of ‘buffering’, but we need to carefully tease out the part that can be
influenced, if we want to get a clear basis for ‘rewards’.

A straightforward way to define ‘buffering’ is to compare the total quantity of
river flow at above-average rates, with the total quantity of rainfall at above-average
rates. Buffering equals 1 – the ratio of these two quantities, both expressed in mm year-1.
As daily rainfall data are most widely available, we can take this timestep as a basis for
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the calculations of what is above average riverflow or rainfall. A fully ‘asphalted’
watershed where riverflow directly follows rainfall may have a buffering of 0, a
watershed that provides constant riverflow regardless of the rainfall pattern has a
buffering of 1. Real watershed will be in between these two extremes.

Figure App2.2. As figure App2.1, but specific to the ‘evenness of water flow’ function

With this definition of buffering, we can further analyze a range of influences.
Land cover is important, especially where it influences the rate of infiltration of rain into
the soil, by maintaining a good soil structure (one can argue whether it is the earthworms
that do this, the trees that feed the earthworms, or the farmers that plant the trees, but that
is another story). But the basic make-up of the landscape, the depth of soil over bed-rock,
the slopes, and the type of soil (soil texture, specific soil horizons that don’t allow water
to penetrate all influence the degree of ‘buffering’. A further influence on ‘buffering’ is
the degree of spatial correlation of rainfall: where rainfall is dominated by ‘fronts’ large
areas may receive rainfall on the same day; where (convective) thunderstorms dominate,
a strong ‘patchiness’ of rainfall may cause different streams to carry water at different
days and a river that integrates across these streams to be relatively stable – even without
forest cover. Buffering, according to our definition, will thus depend on the location of
the observer relative to the watershed. The further away, the more even the river will tend
to be, and the less obvious effects of land use change may be. Current research is trying
to quantify these relations, but empirically good evidence for changes of land use on
evenness of flow exists for catchments up to 100 km2 and little or none for catchments of
more than 1000 km2.

With current hydrological models it is possible to determine which part of the
overall degree of ‘buffering’ that an observer at a certain distance from a ‘catchment
area’ will perceive can be directly related to the land use in the catchment, with a specific
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role for the riparian vegetation in and around the riverbed. Slow transmission of water,
linked to trees and dead wood in the channel, may cause local flooding, but increases the
evenness of flow of a downstream observer (again clarifying that we need to be explicit
about the point of observation or the location of the stakeholders before we can quantify
‘evenness of flow’).

An efficient way of presenting the input and output of a watershed area in a single
graph, is to look at the exceedance probabilities for daily rainfall, daily
evapotranspiration and daily riverflow. If a sufficiently long time period is considered (at
least 1 year), changes in storage in soil, groundwater and surface water may be negligible
and the areas to the left of the curves for rainfall and evapotranspiration + riverflow
should be approximately equal. The point of intersection has to have an X-value that
equals the mean daily rainfall. The intersection would be at an exceedance probability of
0.5 if rainfall distribution were symmetrical and there would be no dry days – in reality
skewness of rainfall distribution plus the fraction of days without rain cause the point of
intersection to have a value on the Y-axis that is above 0.5.

Figure App2.3. Schematic form of exceedance curves for rainfall (P), evapotranspiration (E) and
river flow (Q), based on an example generated with the GenRiver model

In an ‘asphalted’ watershed, the riverflow curve may be expected to coincide with the
rainfall curve and there is no buffering. In an ideally buffered situation the riverflow may
be constant and equal to the mean at every day of the year. In between these two
extremes we’ll find real watersheds with a partial ‘buffering’.

A quantitative indicator of ‘buffering’ (0,1) can be derived as
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If, hypothetically, rainfall would be constant, the watershed will not be able to express
any ‘buffering’, and the buffering would be zero. With this definition we can explore
‘buffering’ as the resultant of:
SiteSite

- local rainfall regime (and its temporal autocorrelation)
- underlying landscape and geology that determines release of groundwater

ScaleScale
- size of the catchment (upstream of the observer/stakeholder) relative to the spatial

autocorrelation of rainfall
Land useLand use

- infiltration and supply to groundwater as potentially influenced by vegetation and
land use

- the properties of the riverbed (and temporary storage) that dominate pulse
transmission

EngineeringEngineering
- any regulating structures or dams in the river

We can thus separate the ‘buffering component’ that is attributable to land use
(and thus to human ‘environmental service providers’) from those that ‘come with the
territory’ but do not reflect any specific effort (and thus form no basis for ES function
rewards…).

7.2.3 Water quality7.2.3 Water quality

Water from forests streams can be directly suitable for drinking, if one can be sure
no people live upstream. Otherwise, surface water is hardly ever directly suitable for
drinking – even if many people in rural areas are in fact relying on it. Water from wells
that tap into subsurface flows of water or groundwater may be safe, as long as the filter
effect of the soil surrounding the well is not overcharged. pathway of the water. Below
the standards for safe drinking water, a range of other uses have less stringent criteria for
quality:

- other domestic use

- fishponds and drinking water for domestic animals

- industrial processes

- irrigation

- cooling systems

- filling a reservoir for future use (but allowing sedimentation and other changes in
water quality to occur)

Where water from watersheds with natural vegetation may meet the criteria for
all, human activity in watersheds may decrease water quality before it has any substantial
effect on the other watershed functions (Fig.7). Where point sources of water pollution
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can be many orders of magnitude above the detection capacity, it is understandable that
long range effects of land use on water quantity have been recorded, at least to
catchments of 105 km2. Pollution of water can be a consequence of mining (especially
where mercury (Hg) or cyanide (HCN) are used for gold mining in riverbeds…), use of
pesticides and fertilizer (especially in the quantities often used on vegetable crops) and
people living around streams and using the streams for personal hygiene. More directly
linked to land use, erosion in its various forms (sheet erosion, gully erosion and collapse
of river banks) can increase the ‘sediment load’ of rivers. Disturbance of groundwater
flows by agricultural crops that use less water than the native vegetation that they
replaced can bring salt into circulation, especially in drier climates with deep salt
deposits.

Figure App2.4. As figure App2.1, but specific to the ‘water quality’ function

‘Absence of threats’ is thus the key way to provide the ‘watershed function’ of
delivering clean water. For some forms of pollution, especially where ‘sediment loads’
are due to sheet erosion, vegetation around streams and rivers, in the riparian zone, can
perform a (partial) filter function and reduce the load of the river. Increasing the
effectiveness of such filter vegetation can thus, under specific circumstances, be seen as
‘enhancing watershed functions’.

A wide range of measurable indicators of water quality is available and mostly
used for testing the safety of drinking water. River water of very low quantity can still be
made suitable for consumption by technical means, relying on filtration in sandbeds,
aeration and specific chemical processes. This ‘end of pipe’ solution can be used as a
point of reference for the economic valuation of the provision of clean water (that
requires less intensive or no treatment).
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7.2.4 Watershed protection7.2.4 Watershed protection

The general public and policy perception of ‘watershed protection’ does not rely
on the previous three outcomes, but rather specifies a desirable condition within the
watershed (usually ‘forest’) – with all reductions in forest cover associated with a loss of
‘watershed functions’.

The clearest functional relation between trees (especially deep rooted ones) and
the integrity of watersheds is found in the prevention of landslides. Landslides can occur
on any slope if the weight of a soil column after heavy rainfall is greater than the ‘sheer
strength’ or the resistance to movement. Deep rooted trees can provide ‘anchoring’ of soil
layers and prevent their movement. When the trees are cut (especially in a ‘clear cut’
affecting all trees on a slope)  the propensity for landslide will increase – especially when
after a few years, the deep roots decompose. Many landslides, however, are linked to
road construction cutting into slopes and interfering with the mechanical stability.
Landslides are common in natural vegetation on steep slopes (and geologically young or
volcanically active mountain areas), but are usually interrupted by vegetation downhill
that can act as a ‘filter’. During earthquakes or extreme rainfall for several days, such
filters may loose their effectiveness. After forest clearing, landslides can  more easily
increase in size, and lea=d to major mudflows destroying everything in their path.
Reducing human damage by landslides can be achieved first of all by not building houses
in vulnerable sites. In general, avoiding clear felling of forests on slopes will reduce
landslide risk. A substantial length of time of observation may be needed, however, to
actually proof changes in ‘landslide risk’.

‘Erosion control’ is often included in lists of  watershed functions, and as positive
attribute of forests. In evaluating this as an ‘environmental service function’, we need to
be careful. Erosion tends to reduce the future fertility of the eroding site – but this will be
the immediate concern of the farmer on the site, rather than outside stakeholders. Similar
to the ‘existence value’ in the biodiversity function, one can argue that knowledge of the
preservation of topsoil has value to outside stakeholders. Further rationalizations of such
value can be derived from the need for farmers to clear further forest lands as a
consequence of loss of on-site productivity. The causal chain in these cases is rather
complex. In the absence of filter vegetation surrounding the plot, or in the pathway
between plot and stream, erosion can increase sediment load of the river and thus reduce
water quality.

While erosion rates under most types of forests are low, there are some notable
exceptions in forests that do not have an understory or permanent litter layer. Drips
falling from a tree canopy after rainfall can actually have a higher splash impact on the
soil and lead to greater erosion than would have occurred without (plantation) forest. A
simple criterion for absence of erosion id the presence of a litter layer. This works in two
ways: it is an indicator that there is little overland flow (otherwise the litter would be
washed away) and it contributes to the activity of soil iota that maintain soil structure and
infiltration rates for water. The watershed function ‘prevention of erosion’ may thus be
better linked to the litter layer than to the presence of trees as such.
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Overall, we can conclude that the holistic concept of ‘watershed functions’ that
require ‘intact forest’ and ‘absence of human activity’ refers to only one way of
maintaining measurable outcomes in the range that is acceptable to downstream
stakeholders. Depending on the rainfall, landscape properties and the distance to the
watershed area, quantity, evenness and quality of the water in the river can be maintained
in landscapes that are used for forms of agricultural production. Key locations for
maintaining forest cover are: tops of the ridges and hills if clean groundwater is important
and riparian forests for filter functions and slow pulse propagation. Outside of these two
‘keystone’ locations, we may need enough tree cover to maintain a permanent litter layer
and thus infiltration conditions, but the need for this depends on soil type (propensity to
loose its structure and infiltration capacity) and rainfall distribution.
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7.3 Appendix 3. Input parameters for SpatRain and GenRiver

The following parameters need to be derived from the ‘virtual watersheds’ that
are supposed to represent the different strata in the global sampling scheme.

1. Climate

1.1 Rainfall

A number of formats are possible, as long as they allow a reconstruction of
monthly exceedance curves of daily rainfall intensity:

1) 30 (or at least 20) years of daily rainfall records for a station that can represent the
area (or multiple stations if these are supposed to be similar), or

2) any ‘rainfall simulator’ equation with the appropriate parameters that can be used
to generate a 30 year dataset for the site (e.g. MarkSim?)

1.2 Rainfall intensity

Data on rain duration and amount for a sampling period that is deemed
representative to estimate the mean and coefficient of variation of rainfall depth per hour

1.3 Rainfall spatial correlation

An indication of the degree of spatial correlation in rainfall (correlation
coefficient of daily rainfall as function of distance between stations), or of the generic
nature of rainfall (frontal rains with high spatial correlation or convective storms that are
‘patchy’ and show low correlation)

1.4 Potential evaporation

Average values per month, derived from open pan evaporation measurements or
from equation such as Penman’s that is calibrated on such data

2. Landform

Coarse DEM that allows for derivation of overall difference in elevation within
the subcatchment, and a delineation of subsubcatchments. If there is a generic ‘language’
for the shape of the subcatchments relative to the main channel, we may use this.

3. Soils

1) Mean soil depth (till major restriction for root development)

2) Average texture (or soil type in a way that allows texture to be estimated) as input
to ‘pedotransfer’ functions to estimate soil water retention curve (saturation, field
capacity, wilting point)
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3) Estimated bulk density relative to the reference value for soils under agricultural
use, to estimate saturated hydraulic conductivity and potential infiltration

4. Geology

We need to estimate the ‘differential storage’ in ‘active groundwater’ as well as a
‘groundwater release’ fraction. So far these parameters were ‘tuned’ to the recession
phase of actual riverflow during periods without rainfall. In the absence of such data we
will need to ‘guesstimate’. If data on the seasonal variation in depth of groundwater table
are available, we can use those.

5. Vegetation and Land cover

Fractions of total land cover that are

- deciduous (reducing LAI in dry season to near 0),

- semi deciduous (reducing LAI in dry season to less than 0.5 (??) of value in wet
season),

- evergreen maintaining LAI at over 0.5 of the maximum value

- bare soil or build-up areas

- open surface water

For more detailed assessments in the Sumberjaya and Mae Chaem areas we will
use the actual time course of change. On that basis we might do with an estimate whether
the actual change in the ‘virtual’ subcatchments has been ‘rapid’ (like 60 - > 10% forest
cover in 25 years), ‘extremely rapid (faster than that), or slower (…)

6. Actual river discharge
If available, river discharge data for any period of time (expressed in m3 s-1 in the river or
mm day-1 over the whole contributing catchment) will be valuable in ‘constraining’ the
simulations. If not available, we will simply have to ‘believe’ the model predictions as
such.
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7.4 List of  files in the ‘Attachment’  bundle

1. Hundred Years of Debate on Forests and Water in Indonesia: Abstracts on
hydrology, erosion and soil conservation from the “Bibliography of Soil Science in
Indonesia 1890-1963”

2. Two chapters in the forthcoming book “Belowground Interactions in Tropical
Agroecosystems”, M. van Noordwijk, G. Cadisch and C.K. Ong (Eds.) CAB
International, Wallingford, UK (in press)
Ø 2A Chapter 18: Managing movements of water, solutes and soil: from plot to

landscape scale by Simone B.L. Ranieri, Richard Stirzaker, Didik Suprayogo, Edi
Purwanto, Peter de Willigen and Meine van Noordwijk

Ø 2B Chapter 19: Soil and water movement: combining local ecological
knowledge with that of modellers when scaling up from plot to landscape
level by Laxman Joshi, Wim Schalenbourg, Linda Johansson, Ni’matul Khasanah,
Endy Stefanus, Minh Ha Fagerström and Meine van Noordwijk

3. Excerpts from the proceedings of the 2003 MODSIM Conference, Townsville
(Australia) July 2003. D. Post (Ed.)
Ø 3A Verbist, B.J.P., Widayati, A. van Noordwijk, M., 2003. The link between

land and water prediction of sediment point sources in a previous forested
watershed in Lampung, Sumatra – Indonesia.

Ø 3B Manik, T.M. and Sidle, R.C., 2003. Rainfall spatial distribution in Sumber
Jaya watershed, Lampung, Indonesia

Ø 3C Van Noordwijk, M, Farida, A., Suyamto, D., Lusiana, B. and Khasanah, N.,
2003. Spatial variability of rainfall governs river flow and reduces effects of land
use change at landscape scale: GenRiver and SpatRain simulations.

Ø 3D Suprayogo, D., Widianto, Cadish, G. and van Noordwijk, M., 2003. A
Pedotransfer resource database (PTFRDB) for tropical soils : test with the
water balance of WaNuLCAS.

Ø 3E Sidle, R.C. and Dhakal, A.S., 2003. Recent advances in the spatial and
temporal modeling of shallow landslides

Ø 3F Suyamto, D., van Noordwijk, M. and Lusiana, B., 2003. FALLOW model:
assessment tool for landscape level impact of farmer land use choice.

4. Spatial variability of soil pH and phosphorus in relation to soil run-off following
slash and-burn land clearing  in Sumatra, Indonesia. By: Rodenburg, J., Stein, A.,
Van Noordwijk, M. and Ketterings, Q.M., 2003. Soil Tillage Research 71: 1-14.

5. Agroforestry and watershed functions of tropical land use mosaics
by Meine van Noordwijk, Ai Farida and Bruno Verbist and Tom P. Tomich
(Proceedings 2nd Asia Pacific Training Workshop on Ecohydrology
"Integrating Ecohydrology and Phytotechnology into Workplans of Government,
Private, and Multinational companies" Cibinong, West Java, INDONESIA.
21 - 26 July 2003)
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6. Environmental services and land use change in Southeast Asia: from recognition
to regulation or reward? Thomas P. Tomich1, David E. Thomas2, and Meine
van Noordwijk3. Agriculture Ecosystems and Environment – special issue (in
press)

7. Bridging scales and knowledge domains of watershed functions
by Meine van Noordwijk, Laxman Joshi, Desi Suyamto, Ai Farida and Bruno
Verbist (Presented at CPWF Baseline Workshop Nairobi 2 – 6 November 2003)

8. ‘Montane Mainland Southeast Asia – A Brief Spatial Overview’.  By Thomas, David
E. 2003. In:  Xu Jianchu and Stephen Mikesell (Editors), Landscapes of Diversity:
Indigenous Knowledge, Sustainable Livelihoods and Resource Governance in Montane
Mainland Southeast Asia.  Proceedings of the III Symposium on MMSEA 25–28 August
2002, Lijiang, P.R. China. Kunming: Yunnan Science and Technology Press. pp. 25–40.

9. SpatRain: a Simulator of Space/Time Patterns in Rainfall for Predicting Scale
Dependence of Variability of Rainfall-related Processes
Draft Manuscript by Desi Ariyadhi Suyamto, Meine van Noordwijk, Betha
Lusiana and Ai Farida


