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Abstract

Existing approaches to modelling the impacts of reforestation on tropical hydrology only simulate one or two changes, thereby limiting our
ability to quantify the balance between complex positive and negative changes, even for a single micro-basin. To initiate a more holistic and multi-
scale approach, we develop a new simulation model structure within the Matlab-Simulink systems environment that firstly, illustrates quantifiable
interrelationships between reforestation-related hydrological changes in the component systems of evapotranspiration, runoff generation, sediment
delivery and nutrient processes. Secondly, the model structure allows us to highlight basin-scale time-series observations needed to quantify
reforestation-related changes in the component hydrological processes.

The dynamic model developed is called forSIM and comprises of component models that are derived by means of the data-based mechanistic
(DBM) philosophy. Such a modelling approach is required to constrain the large uncertainties that can arise from whole system modelling. The
review of the hydrological processes and controlling characteristics that change following reforestation and, therefore, need to be simulated, has
highlighted the lack of basin-scale time-series observations of the potentially positive impacts of ‘protective’ reforestation on sediment and nutrient
delivery, and the need to utilise more macro-scale data. The next phase of the modelling process is to derive estimates of systems parameters and

simulation scenarios for specific macro-basins in the tropics undergoing extensive reforestation.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Reforestation is the establishment of plantations within
areas formerly converted from forestland: United Nations
Framework Convention and Climate Change (2002). The
negative impact of reforestation on water availability in tropical
rivers is well publicised in recent literature (e.g., Calder, 2004,
2006; Hayward, 2005) and has considerable support from
experimental basin studies within the tropics (Bruijnzeel, 1990,
2001, 2004). This negative impact does, however: (a) need to be
put in the context of uncertainties arising from the interpreta-
tion of short-term, micro-basin data and (b) need to be judged
against quantified positive impacts of reforestation. This
balancing of the positive and negative hydrological impacts
of tropical reforestation has not been undertaken within a single
simulation model, possibly because of three reasons. First,
there is a dearth of certain hydrological time-series data for the
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tropics (Wood, 2002; Bonell, 2004; Scott et al., 2004; Chappell
and Sherlock, 2005). Secondly, a numerical structure to
illustrate all of the hydrological impacts that might be dominant
within a particular tropical region has not been devised. Thirdly,
there is now an appreciation of the large predictive uncertainties
that arise from the use of complex numerical models (Beven,
2001a,b). Additionally, there is an appreciation that such
models should incorporate all those hydrological processes that
dominate at different scales, from micro-basins (<50 kmz) to
macro-basins (>1000 km?). For example, channel routing of
riverflow is not a major control on response at the small scale,
but becomes critical at the macro-basin scale. Those impacts
said to be largely hydrological, cover changes to the volume
and timing of riverflow and evapotranspiration, plus changes to
sediment delivery and river water quality via changes to soil,
soil-water and water within rocks (Roberts, 2000; Evans and
Turnbull, 2004; Scott et al., 2004).

This study has two aims. Firstly, we aim to develop a model
structure, which would allow quantitative comparison of
hydrological changes resulting from reforestation that might
be dominant within a particular tropical region. Secondly, we
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aim to highlight forest-related and hydrological variables
(i.e., time-series) and model parameters that need to be
quantified more fully to allow realistic assessment of the
balance between the positive and negative impacts of
dominant hydrological changes arising from tropical foresta-
tion. This is explicitly a pilot study highlighting missing data
and providing a preliminary structure for ongoing and future
field- and modelling-work. We first define the modelling
approach, second, the controls on the hydrological processes;
third, the links between the different processes (e.g., how
output from the water-flow simulations can be used as input
to the nutrient-flux simulations) and lastly, we consider the
availability of data to allow future parameterisation of the
component models.

2. Systems methodology

Our methodology seeks to combine all hydrological impacts
accompanying reforestation at specific tropical locations within
a single simulation model. Uncertainty in model simulation can
increase dramatically with increasing numbers of model
elements and parameters, to a point where simulation results
become meaningless (Beven, 2001b). Consequently, we need to
constrain the complexity of our model to produce uncertainty
bands on the predictions small enough to make the simulations
meaningful. This means that we need to identify only the
dominant modes of the hydrological behaviour contained
within observations at a required scale, using the least number
of model elements and parameters (Young, 1999). Such models
are said to be ‘parsimonious’ (after Tukey, 1961; Box and
Jenkins, 1970). One such parsimonious modelling approach is
the data-based mechanistic (DBM) approach of Young (1984,
2001). This is a type of systems approach where the dynamics
of the state variable, e.g., riverflow without any errors in the
field measurements, are represented by:

x(te) = flx(te—r), u, o5 t5-1] + &(t) (1)

With observations of the state of the system (e.g.,
relationship between the true riverflow [without errors in the
field measurements] and observed riverflow) sampled dis-
cretely in time, we also have:

y(tx) = hlx, B ] + n(te) (2

where x is the vector of state variables, including field measure-
ment errors, u a vector of measured input drivers (such as
rainfall and root growth), y a vector of output responses (e.g.,
true riverflow), « a vector of the system model parameters (e.g.,
recession constants describing water pathways), 8 a vector of
parameters which relate the true variable (e.g., riverflow) to that
measured, & a vector of the state variable dynamics that are not
observable (i.e., the system noise), n a vector of (output)
measurement errors, f and & vectors of linear or non-linear
functions, # continuous time and #; is the kth discrete instant in
time (modified from Beck et al., 1993). One of the most
commonly used functions (4) relating the vector of an input
variable (u, e.g., rainfall) to the vector of an output response

(y, e.g., overland flow) is the discrete-time, transfer function;
and it can be given as:

P
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y(te) = x(t) + n(t)

which can be shown in explicit difference equation form as:

{x(tk) = ‘Rx(tk_l) + Pu(tk — 8)
y(te) = x(te) + n(tx)

where P is the model production parameter, R the recession
term, 6 the pure time delay between the input and initial
output response, z ' the backward shift operator (i.e.,
z "u(ty) = u(ty_,,)) and m is the number of backward shifts.
The model parameters P and R are then often used to derive the
two dynamic response characteristics (DRCs: Post and Jake-
man, 1996) of:
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where ssP is the steady state production (a ‘mass-balance’
term, e.g., runoff coefficient between rainfall and runoff), TC
the time constant of the system (a ‘residence time’: Young,
2001) and tp, is the time base of the sampling (e.g., 1 h).
Where different forestry case studies are available, changes to
these DRCs of ssP and TC can be used to simulate changes in a
hydrological system due to reforestation (or alternatively,
forest loss: Post and Jakeman, 1996; Chappell et al., 2004b,
2006).

DBM modelling is one such systems approach identifying
model structures and parameters incorporating transfer
functions. The strength of the DBM method leading to its
use in this instance is two-fold. First, many systems models
use least squares (LS) algorithms to find or calibrate model
parameters. The problem with these LS methods in transfer
function estimation is that the noise within time-series data
gives rise to considerable bias and uncertainty in the model
parameters (Young, 1984). Within the DBM approach, model
structure and parameter values are identified (or calibrated)
by the simplified recursive instrument variable (SRIV)
algorithm. In the SRIV approach, time-series data are pre-
filtered using an estimate of a dynamic recession filter
(Young, 1985) after an initial LS estimate. This removes
higher frequency observational disturbances focusing the
signal in the useful frequency range where dominant
dynamic modes of the system are contained. Following this
initial step, the instrumental variable method with specially
generated ‘mathematical instruments’ is used, which
removes the bias of the estimates. Both of these steps
considerably reduce parametric uncertainty (Young, 1984,
1985).

The second advantage of DBM over other systems methods
comes from its use of the objective statistical measure of the
Young information criterion or YIC in the model and parameter
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identification/calibration:

2
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The first term of YIC is a measure of the model efficiency,
where o2 is the variance in the model residuals and o2, is the
variance in the observed output data (e.g., streamflow), and the
second term NEVN (normalised error variance norm) is a
measure of the degree of over-parameterisation (Young, 1985).
Generally, as model complexity increases, so does the ability to
capture more and more of dynamics in the observed time-series,
but at the expense of growing parametric uncertainty. There is,
therefore, an optimum complexity (or ‘model order’) given that
more complexity increases the uncertainty in the individual
parameters identified. The YIC is an indicator of whether the
model has become over complex (i.e., too many parameters)
given the amount of information contained within the observed
output time-series. As a result, we consider that the DBM
approach to modelling does not give more complex structures
of hydrological processes than is justified by the observations,
as can be the case with physics-based and conceptual models,
which require definition of component model structures prior to
any modelling (Beven, 2001c). Within the DBM philosophy,
the perceptual model of the hydrological system under study is
not defined before the simulations and, thereby, not limited by
unjustified complexity. The consequence of defining the most
simple structure justified and using a method which implicitly
derives uncertainty estimates, DBM techniques identify
parameters (and DRCs) of the hydrological processes that
have well defined values with quantified, small uncertainties.
This means that reforestation-related changes in hydrological
systems are more likely to be seen above the uncertainties due
to errors in the observations and model.

3. Identifying DBM hydrological models
3.1. Defining component models and drivers

The first stage within our modelling strategy is to consider
how forest stands change, as plantations are established, and
then mature. These changes to the canopy structure, roots and
soils are parameterised within our model because they regulate
hydrological behaviour. For example, root development, a
‘forest change’, affects the potential for both water abstraction
and slope stabilisation—‘hydrological changes’ (Sidle and Wu,
1999; Roberts, 2000). Drainage basin hydrological systems can
be very dynamic from time-scales of minutes in the case of
small streams responding to tropical rainfall (Chappell et al.,
1999a) to years where strong El Nifio Southern Oscillation
(ENSO) cycles are present in tropical rainfall (Boochabun et al.,
2004). Thus, the second stage is the identification of the
dominant hydrological drivers or inputs of precipitation and
energy. Thirdly, if the hydrological responses to plantation
development are known to include changes to runoff pathways,
evaporation, flow regime of rivers, sediment delivery and
nutrient flux (Bruijnzeel, 2004; Roberts, 2000; Evans and

Turnbull, 2004), we need to consider how all these processes
might be described within a parsimonious model. Within the
following analysis, we consider: (i) the dominant forest- and
water-related controls on key hydrological outputs and (ii)
existing applications of DBM approaches using transfer
functions sometimes combined with non-linear filters.

3.2. Time-dependent reforestation drivers

Model simulations start by the user inputting the proportion
of the drainage basin (micro-, meso- or macro-scale) being
simulated that is planted with trees. As each tree grows, its
canopy, root network and biochemical inputs to the soil all
increase and can be simulated as four key processes:

(1) As a tree canopy expands, its leaf mass increases;
sometimes in a linear manner (Kittredge, 1948, p. 32).
The leaf mass, like the Leaf Area Index (LAI), is a key
regulator of the hydrological pathways of wet-canopy
evaporation (Deguchi et al., 2006) and transpiration
(Granier et al., 1992; Wu et al., 1997).

(2) As rooting density and depth increases, trees have a greater
capacity to abstract soil moisture so that transpiration
increases (Roberts et al., 2004; Tanaka et al., 2004).
Equally, development of the root network increases the
shear strength of the regolith (O’Loughlin and Watson,
1979; Sidle, 1991), thereby, reducing the potential for slope
instability and hence sediment delivery to rivers (Burton
and Bathurst, 1998).

(3) As the canopy and roots develop, each tree increasingly
adds organic matter and chemicals to the soil. For many tree
species, these exudates are beneficial to the soil structure
and nutrient status-cum-fertility of the soil (Innes et al.,
2004; Scott et al.,, 2004). However, some trees have
exudates that can negatively affect the soil structure under
certain circumstances (Herbuts and de Buyl, 1981; Nys and
Ranger, 1985).

(4) Reforestation of slopes previously used for arable
agriculture, often indirectly reduces the inputs of artificial
chemicals, notably pesticides and inorganic fertilizers,
which improves the microbiological status of soils (Yusoff
et al., 2001; McClain, 2004; Geissen and Guzman, 2006)
and, thereby, the soil structural development (Wendling
et al., 2005) and nutrient cycling processes (Holden and
Fierer, 2005). Some reforestation schemes are, however,
associated with artificial chemical additions (Morris, 2001)
and these need to be quantified.

3.3. Time-dependent hydrological drivers

Within-storm changes in riverflow, nutrient and sediment
flux within reforested areas of the tropics (Grip et al., 2004) is
testament to the control of rainfall on these hydrological
processes. Over several days, rainfall also strongly regulates
tropical wet-canopy evaporation (Chappell et al., 2001; Kume
et al., 2006). Within the seasonal tropics and semi-arid tropics,
rainfall also moderates transpiration via changes to soil
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moisture status (Clark et al., 2004). Given that rainfall controls
all of these hydrological processes, a rainfall time-series is the
most important input hydrological variable. Given the role of
energy, notably net radiation, in the regulation of transpiration
and wet-canopy evaporation (Schulz and Jarvis, 2004), this is
considered the second most important input hydrological
variable.

3.4. DBM runoff pathways model

Existing examples of DBM models of tropical runoff
pathways include one or more of the components of overland
flow, lateral flow within soils and deeper subsurface flow within
permeable regolith and rock (Young, 2001; Chappell et al.,
2006). All of these models utilise linear transfer functions
(Eq. (3)) between an effective rainfall times-series and a water-
flow time-series measured on slopes or in channels.

Changing soil moisture conditions (and moisture deeper
within the underlying regolith: Chappell et al., 2004b) make the
relationships between rainfall and water-flow non-linear. This
effect can be parameterised by combining the linear transfer
function with a non-linear function. Non-linear functions
commonly used within the DBM methodology, include the
store-surrogate sub-model (SSSM), conditioned on the water-
flow output, and the Bedford-Ouse sub-model (BOSM), which
is independent of the water-flow output (Young, 2001). The
IHACRES non-linear filter (e.g., Post and Jakeman, 1996) is
based on the DBM-BOSM routine, but extended to incorporate
the input of temperature dynamics. An example of an
infiltration-excess overland flow model incorporating the
BOSM non-linear filter and a linear transfer function is given
in Fig. 1 (adapted from Chappell et al., 2006). Fawcett et al.
(1997) went further with their DBM modelling by using rainfall

Rnet(tk)
non-linearity
Rnet (tk) 9( tk' 1)+ 1 {Rnet( tk)'e(tk'1 )} filter
Rer(t)
L 4
0.0143 TC

— = Ryt
1-0.4028z"1 er(tcT) 5.5 minutes

Qor(t)

Fig. 1. A data-based mechanistic (DBM) model of infiltration-excess overland
flow, where R, is the net precipitation input and Qo is the infiltration-excess
overland flow output (see Chappell et al., 2006).

to simulate soil moisture that was the used to estimate
streamflow. Use of two DBM models in series, as in Fawcett
et al. (1997), allows the soil moisture dynamics to be first
simulated for subsequent input in to models of: (i) soil moisture
regulation of transpiration (Roberts et al., 2004; Tanaka et al.,
2004), (ii) slope instability (Collison and Anderson, 1996;
Burton and Bathurst, 1998) and (iii) soil-water quality and
nutrient status (Geissen and Guzman, 2006).

The presence of deeper water pathways within permeable
regolith or permeable rock beneath the soil is often overlooked
within the tropical environment (Bonell, 2004). Yet, some
tropical regions are underlain by major rock aquifers, including
fissured aquifers (Institute of Geography, 1999; Struckmeier
and Richts, 2004) or tens of metres of permeable regolith
(George, 1992; Bonell et al., 1998), for example, the weathered
granite saprolite in Peninsular Malaysia (Zektser and Everett,
2004; Chappell et al., 2005, 2007). The presence of these
deeper pathways firstly affects DBM parameters describing
rainfall-streamflow response (Young, 2001). Secondly, if a
significant proportion of subsurface percolation moves rapidly
into these deeper layers, then this moisture would not be
available to support transpiration (Pereira, 1959). Conse-
quently, the differential impact of plantation trees compared to
less deeply rooted vegetation could be less marked (Kirby et al.,
1991, Table 35; Chappell and Bonell, 2005), however, there is a
lack of studies in the tropics that have quantified hydrological
budgets in drainage basins with such permeable regolith or
rock.

3.5. DBM evapotranspiration model

Fewer DBM models of the evapotranspiration components
of wet-canopy evaporation and transpiration have been
identified. Chappell et al. (2006) identified a DBM transpiration
model from the single input variable of rising-stage air
temperature, and Schulz and Jarvis (2004) identified a
combined transpiration and wet-canopy evaporation model
by the DBM approach. Soil moisture regulates transpiration in
the arid tropics (Clark et al., 2004) and dry season of the
seasonal tropics (Tanaka et al., 2004). Thus, soil moisture in
addition to net radiation or air temperature (Van Dijk et al.,
2004) and the long-term dynamics of canopy mass (Granier
et al., 1992; Wu et al., 1997) should be used to simulate
transpiration.

DBM models of wet-canopy evaporation alone have not yet
been identified. Chappell et al. (2004c) has, however, developed
a conceptual model of wet-canopy evaporation, which adds the
difference between gross and net rainfall at 5-min intervals to a
canopy store, which depletes by evaporation according to a
maximum 5-min rate set by the net radiation. They state that a
DBM model will be developed once direct observations of
canopy wetness are available from an ongoing experiment
around Bukit Atur, Malaysian Borneo. Soil evaporation is
lumped within the DBM model of Schulz and Jarvis (2004), but
a separate DBM soil evaporation model has yet to be published.

The DBM evapotranspiration models discussed so far use
time-series data from the small scales of plots to micro-basins
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(<50 km?). Similar DBM models of evapotranspiration
processes are needed at the meso-scale (50-1000 kmz) and
macro-scale (>1000 km?), as it may be necessary to include
the effects of macro-scale heterogeneity in vegetation and
terrain. Indeed, simulation models show that large-scale
heterogeneity in land-cover resulting from tropical deforesta-
tion may reduce regional rainfall through reductions in macro-
scale evapotranspiration (Zeng et al., 1999; Roy et al., 2003;
Werth and Avissar, 2004; Roy and Walsh, 2005). It is,
therefore, plausible that large-scale reforestation could
increase regional rainfall via changes to the macro-scale
evapotranspiration.

3.6. DBM riverflow model

DBM modelling of runoff pathways has been used to model
riverflow (or channel flow) by at least three ways. First,
riverflow has been simulated using a ‘first-order’ or single water
pathway (Chappell et al., 1999a). Secondly, riverflow has been
simulated by identifying higher order models that can be
decomposed into multiple water pathways (Young, 2001).
Thirdly, riverflow has been simulated by combining separately
identified DBM overland flow and subsurface flow models
(Chappell et al., 2006). DBM modelling of flow pathway
components of riverflow normally uses micro-basin data. A
critical issue is one of understanding how these pathways, and
hence model parameters, change with drainage basin size from
the micro-basin to the macro-basin. With increasing scale,
channel routing velocities become as important as subsurface
routing velocities (Beven, 2001c), and greater contributions
from deeper groundwater pathways can be seen (Chappell et al.,
1999a). The resultant damping of response has been
parameterised with an additional DBM transfer function that
has a time-constant representing the channel routing effects
(Lees et al., 1994). A model that simulates riverflow dynamics
from micro- to macro-scales is critical to the simulation of
sediment and nutrient delivery processes, which also change
with spatial scale (Dietrich and Dunne, 1978; Douglas et al.,
1999; Vorosmarty et al., 2003; Curtis et al., 2005; Boyer et al.,
2006).

3.7. DBM sediment delivery model

The key controls on soil erosion at the soil surface are the
erosivity and erodibility. The erosivity is controlled by the
characteristics of the water pathways such as kinetic energy,
water velocity and soil seepage forces (Bryan et al., 1998),
while the soil erodibility relates to measures such as aggregate
stability (Chappell et al., 1999b; Salako et al., 2001) and shear
strength (Eyles, 1968; Morgan, 1995). Soil instability is
affected by biochemical inputs from trees that change
physiochemical properties such as cation exchange capacity
and aggregate stability (Geissen and Guzman, 2006). The
combination of these soil stability variables with the infiltra-
tion-excess overland flow mobilises and transports the eroded
particles in to the headwater channels, as simulated within
Chappell et al. (1999a).

Mass movement relates to moisture status and shear strength
of the regolith (Terzaghi and Peck, 1967; Sidle et al., 1985),
together with the effects of tree root development (Sidle et al.,
1985; Sidle, 1991; Dhakal and Sidle, 2003). Thus, a dynamic
model of slope instability and hence the second source of
sediments entering river channels should combine the effects of
root-related slope strength with regolith moisture status.

As channels store sediments, with storage increasing with
increasing scale (Curtis et al., 2005) an additional DBM
transfer function is needed to parameterise the channel routing
and storage of in-channel sediments, as simulated in Rowan
et al. (2001).

3.8. DBM nutrient delivery model

When trees are planted, soil physicochemical properties
change in response to the increased inputs of tree exudates and
organic matter (Van Lear et al., 1995; Geissen and Guzman,
2006) and changes in levels of artificial chemicals, notably
pesticides and inorganic fertilizer additions (FAO, 2004). Tree
growth also affects chemical inputs to the soil system by
changing the rates of weathering (e.g., Trudgill, 1988;
Calvaruso et al., 2006). The changes to the soil combined
with artificial chemical inputs, then change the soil water
quality and nutrient status (Innes et al., 2004; Scott et al., 2004).
The amount of soil-water then leaching into the rivers is the
product of the concentration of the dissolved soil-water
constituents (i.e., nutrients) and water entering the channels by
return-flow. The resultant effect of in-channel nutrient
transformations and removal between the headwaters and
downstream reaches by vegetation and riverine processes then
needs to be taken into account with a further DBM transfer
function, as within the DBM river tracer studies of Young
(1992).

Lastly, component water quality changes of sediment loss
and nutrient loss can be combined into a single flux (e.g.,
kg km ™2 h™") to allow the magnitude of water quality change to
be compared with the magnitude of water quantity change.

4. Linking DBM models
4.1. Why link DBM models?

We need to use DBM models of time-series data collected at
different scales to see which hydrological phenomena are
observable at each scale, but these DBM models need to be
combined to produce an integrated model of multiple
hydrological phenomena at different scales. Chappell et al.
(2006) has presented such an approach to linking DBM-defined
model components into a single simulation model for tropical
forestry management.

4.2. Modelling environment
A model structure combining inputs (i.e., rainfall, net

radiation and dynamic tree characteristics) and the DBM-
defined component models is presented in Figs. 2 and 3. This
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model structure, for simulating the potential water-flow,
sediment and nutrient changes associated with reforestation,
we call forSIM. For three reasons, forSIM is formulated within
the Simulink (The MathWorks Inc., Natick, USA) simulation
environment. First, Simulink runs within the Matlab (also The
MathWorks Inc.) programming environment, which is used for
the DBM modelling of each hydrological component. Second,
the structure and parameters of a Simulink model are clearly
visible to every user, allowing and indeed encouraging
modification for application to particular sites. Thirdly, the
modelling platform is already commercially available to any
forest manager or hydrologist who wishes to use it to identify
their reforestation-related research needs and priorities.

4.3. Rationale underpinning links between hydrological
components

The starting point for the forSIM model is the proportion of
the specified basin that has been reforested (Fig. 2, ‘F1’). This
specified value then provides input for the time-dependent
functions of the: (i) mass of canopy leaves (‘F2’: Kittredge,

57

1948), (i) mass of roots (‘F3’: Lugo, 1992), (iii) mass of
biochemical exudates and litterfall (‘F4’: Keenan et al., 1995;
Salako and Tian, 2005) and (iv) mass of artificial chemical
inputs (FAO, 2004: Fig. 2, ‘F5’). We consider that these
functions characterise the main reforestation-related changes
affecting the hydrological system. These ‘forest drivers’
(Fig. 3) have slow dynamics, with impacts evolving over
decades (e.g., Sidle, 1991), in contrast to ‘hydrological drivers’
(Fig. 3) where the dominant drivers are very rapid, changing
over hours. Thus, simulation of headwater micro-basins
necessitates the model having at least an hourly time-step,
and run for several decades. All fluxes (water, sediments and
nutrients) are then represented as a mass per unit basin area on
an hourly time-step.

Beneath the inputs, the forSIM model comprises of four
interconnected ‘vertical streams’ (as in a waterworks control
system: Figs. 2 and 3) of: (i) evapotranspiration (‘e¢’, where ¢
is the number of the component DBM model, e.g., ‘€2’ in
Fig. 2), (ii) riverflow generation (‘w¢’), (iii) sediment delivery
(‘s¢’) and (iv) nutrient delivery (‘ng’). The upper portion of
these streams describes those processes typically observable at

F1

E-E of

' v ' v
F2 [ F3 Fa B ks
I—E.@ 02 i E'._E' @
|
el s1
B ] ] 1 e O
H1 LJ o112
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Fig. 2. The Simulink (The MathWorks Inc., Natick, USA) structure of the forSIM dynamic model for simulating the hydrological impacts of tropical reforestation,

including the DBM-defined transfer function models.
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Key

Forest driverfinput:

F1 Watershed proportion forested
F2 Canopy mass

F3 Rootmass

F4 Biochemical input

F5 Artificial chemical input

Hydrological driverfinput:
H1  Precipitation
H2 Net radiation (cr temperature)

Evaporation model:

el (1-e2) model

e2 et canopy evaporation model
e3 Transpiration model

e4  Soil evaporation model

e5 Regionzal evaporation model
eb Open water evaporation (sea)

VWaterflow model:

w1 Infiltration model

w2  Infiltration-excess overland flow model
w3  Lateral soil waterflow model

wd  Lateral regolith waterflow model

wh  Lateral rock waterflow model

wB Headwater channel routing model

w7  Downstream channel routing model

Moisture status model:
01 Soil moisture status model
62 Regalith moisture status model

Soil and sediment models:

s1  Soil structure model

s2  Soil erodibility model

s3 Mass movement maodel

s4  Surficial erosion model

s5 Headwater delivery model
s6 Downstream delivery model

Nutrient and solute models:

ni Soil nutrient status modsl

n2 Leaching madel

n3 Headwater channel processing madel
n4  Downstream channel processing model

Oscilloscopes (cutput):
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Fig. 3. The simplified elements of the forSIM dynamic model for simulating
the hydrological impacts of tropical reforestation.

small-scales of plots, hillslopes and micro-basins (<50 kmz),
while the lower portion shows the processes typically
observable in riverflow records at macro-scales (i.e., ‘e5’,
‘w7’, ‘s6’ and ‘n4’: >1000 km?: Figs. 2 and 3). Thus, the
forSIM model explicitly illustrates the topical issue of scale
effects on hydrological processes (Bloschl and Sivapalan, 1995;
Sidle, 2006), if only simply.

The linkages between the four streams are critical. Using the
same input variable (e.g., soil moisture time-series) in several
component DBM models reduces the number of inputs and
internal states needed to simulate processes such as evapo-
transpiration and river generation. As a result, parametric
uncertainty is reduced in the simulation scenarios. For example,
the root mass time-series (i.e., ‘O3’: Lugo, 1992) is used to
regulate: (i) the rate of root abstraction to supply transpiration
(‘e3’) and (ii) shear strength against slope instability (‘s3’:
Fig. 2). Similarly, the time-series of the soil structural index
(‘O12’) regulates: (i) the rate of infiltration (‘w1’: Bonell, 2004;
Grip et al., 2004) and infiltration-excess overland flow (‘w2’),
(i) soil erodibility (‘s2’) and (iii) soil nutrient status (‘nl’).
Further, the net precipitation time-series (‘O4’) provides input
to the infiltration-excess overland flow model (‘w2’: Fig. 1) and
infiltration model (‘w1’), which itself provides input (via
percolation) to the models of lateral flow within the soil (‘w3’),
regolith (‘w4’) and rock (‘w5’). All of these flows (i.e., ‘w1 to
w5’) are combined to give the riverflow time-series (‘O9’:
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Fig. 2). These water-flows provide direct input to the models of
mass movement (‘s3’), soil erosion (‘s4’) and leaching (‘n2’:
Fig. 2).

5. Time-series observations from tropical studies
pertinent to reforestation

5.1. Why time-series data are important in parameter
identification

Defining an outline of the model structure is the first step in
modelling (Beck et al., 1993) followed by identifying the best
estimates of parameter values (e.g., a recession term in a transfer
function, or mean permeability in a physics-based drainage basin
model). Parameter identification within DBM modelling
explicitly requires the availability of observed input and output
time-series data. With physics-based modelling, it is often
(incorrectly) stated that only field measurements of each
parameter (e.g., permeability) are required (Bathurst, 1986).
In practice, however, large-scale estimates of these parameter
values have to be derived indirectly by inversion of numerical
models of observed input and output time-series data (Beven,
2001c), and are only very loosely conditioned on the direct field
measurements (Chappell and Ternan, 1992). This de facto
approach to physics-based modelling has resulted from a
combination of three factors. First, there are often an inadequate
number of point measurements of each parameter (e.g.,
permeability) to make a statistically valid mean for model
parameterisation, particularly within tropical regions. Secondly,
the scale-dependence of parameters such as permeability, mean
that point measurements cannot be used directly to condition
model-parameter values at even micro-basin or hillslope scales
(Chappell et al., 1998; Brooks et al., 2004). Thirdly, uncertainties
due to instrument/technique errors in parameters such as
permeability can be very large (Sherlock et al., 2000; Chappell
and Lancaster, in press) making even statistically valid methods
of ‘upscaling’ point measurements (e.g., Wen and Goémez-
Hernandez, 1996) invalid. With physics-based models, direct
time-series observations of the output (e.g., streamflow) or
internal-state (e.g., soil moisture content) are not required for
model simulations to be undertaken. This sometimes means that
the internal-state time-series are not validated, which means that
the scientific rigor of these studies can be questioned (Klemes,
2000). DBM modelling studies in contrast, must have time-
series observations before a model is developed. As tropical
hydrologists and foresters are increasingly aware of the lack of
time-series of particular tropical forestry impacts (Thang and
Chappell, 2004), a model which highlights those time-series
needed to address the overall impact of reforestation on
hydrology could be the stimulus for new measurement pro-
grammes. This is one of our key objectives in the development
and later parameterisation and testing of the forSIM model.

5.2. Time-dependent reforestation and hydrological drivers

Numerous tropical plantation studies are available to
quantify the relationship between time and canopy mass

(‘F2’; related to LAI) or root mass (‘F3’) in the early years of
plantation development (e.g., Alder, 1978; Clark and Clark,
1999). There are, however, very few studies quantifying these
relationships with tropical stands 30-100 years in age. The
quantities of tree-related biochemical inputs to the ground from
throughfall and litterfall (‘F4’), has been quantified for some
tree species used within tropical plantations (Keenan et al.,
1995; Salako and Tian, 2005). Within micro-basin studies in the
tropics, the inputs of artificial chemicals (‘F5’), notably
pesticides and fertilizers, has been quantified for plantations
(e.g., Silver et al., 2005) and for agricultural land (FAO, 2004)
that plantations sometimes replace.

Hourly rainfall data (‘H1’: Fig. 2) are commonly collected in
tropical micro-basins (<50 km?) to record flashy tropical
hydrological events. The energy inputs (‘H2’) conditioning
wet-canopy evaporation and transpiration are expressed in the
diurnal cycles of net radiation and temperature (Schulz and
Jarvis, 2004). Historically, fewer research micro-basins in the
tropics had hourly sampling of net radiation and/or air
temperature, but increasingly, these data are being collected
above tropical forests (e.g., Szarzynski and Anhuf, 2001; Malhi
et al., 2002; Kumagai et al., 2004; Kume et al., 2006).

5.3. Runoff pathway, evapotranspiration and riverflow
changes with reforestation

The water pathways that can contribute to streamflow are: (i)
surface flow, including lateral flow in upper organic layers
(‘w2’: Bonell and Gilmour, 1978), (ii) lateral flow within the
soil (i.e., A and B soil horizons: ‘w3”), (iii) lateral flow within a
permeable regolith (‘w4’), such as weathered granite and (iv)
lateral flow with permeable rock (‘w5’: Bonell, 2004). Time-
series of surface flow representative of micro-basins or larger
can only be estimated using data from small plots, perhaps
0.0005 km? or less. The presence of water pathways within
regolith (‘w3’), perhaps at a depth 10 m below the ground
surface is often overlooked (Bonell, 2004), however, evidence
of this pathway is seen with damped stream hydrographs and
associated DBM model parameters in tropical forest drainage
basins (Chappell et al., 2005, 2007). The presence and effect of
deeper pathways with permeable rock strata (‘w4’) is also
similarly overlooked by many studies. Examinations of recent
hydro-geological maps covering tropical South East Asia
(Institute of Geography, 1999; Struckmeier and Richts, 2004)
do, however, show the presence of such strata. Within
temperate conditions, some time-series models quantify their
impact on model parameters (Post and Jakeman, 1996; Sefton
and Howarth, 1998). The key question to ask is whether
reforestation does or does not affect deeper flows through
permeable regolith or rock (including fissured rock)? If a
significant proportion of the streamflow is generated by these
pathways tens of metres below the ground surface, then
percolation that moves rapidly to these depths, is soon at a depth
that tree roots cannot extract the water (Pereira, 1959; Schenk
and Jackson, 2002). Consequently, it is possible that the greater
evapotranspiration typically seen in the early stages of growth
of tropical plantations (Bruijnzeel, 1990; Scott et al., 2004),
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may not be so marked in these areas (Chappell and Bonell,
2005). Because of a lack of water budget studies in drainage
basins overlying permeable rocks, we only have very limited
evidence of this effect (Kirby et al., 1991, Table 35) and this
should be a priority for new experimental studies. As we
increase the size of drainage basin under study, river
contributions from deeper in the system tend to increase.
Thus, the effect of having deeper pathways on the nature of the
impact of reforestation is likely to increase as we examine
>1000 km? macro-basins. A further issue in quantifying the
impact of reforestation on lateral flow in soil (‘w2’), regolith
(‘w3’) and rock (‘w4’) is our inability to measure the flows
directly. The increasing use of environmental and artificial
tracers (Bonell et al., 1984, 1998; Elsenbeer and Lack, 1996;
Chappell and Sherlock, 2005; Genereux and Jordan, 2006)
within tropical natural forests is one promising way to obtain
such time-series data.

A wealth of rainfall (P, or ‘H1”) and streamflow (Q or ‘09’)
observations have been used to quantify the effect of recent
reforestation on annual evapotranspiration (i.e., Pg-Q) in
tropical regions (Bruijnzeel, 1990; Scott et al., 2004). The
main limitation of these studies is their short duration (<10
years). Some trees established in plantations have very high
evapotranspiration rates in the first few years of rapid growth,
but as the trees mature at ages perhaps in excess of 50 years,
evapotranspiration rates are no higher than those of natural
forests under the same hydro-climatic conditions (Vertessy
et al.,, 2003). Many more time-series observations of long-
established tropical plantations (Sharda and Ojasvi, 2006) need
to be analysed or newly collected.

Tropical reforestation might change the flashiness (or
strictly, recession constant of rivers: also ‘09’), and the
DBM approach has already been used to attempt to identify
these changes following natural rainforest harvesting and
associated road construction at a micro-basin scale (Chappell
etal., 2004a,b; Sidle et al., 2006). Others (e.g., Cuo et al., 2006)
have shown how agricultural roads increase stream flashiness.
The largest impact of trees on the direction of runoff pathways
is likely to occur close to the ground surface (i.e., surface and
soil horizons: Godsey and Elsenbeer, 2002). Thus, the largest
potential for change of runoff pathways following reforestation
will, therefore, occur when the dominant flow pathways are
those of the surface (‘w2’) or laterally in the soil (‘w3’). Studies
that quantify the effect of reforestation on tropical water
pathways and river time-constants are needed, comparable to
those in temperate regions (see Jones and Grant, 1996;
Robinson et al., 2003).

5.4. Sediment and nutrient flux changes with reforestation

Time-series data related to the two sources of suspended-
sediments within headwater-rivers, namely component pro-
cesses of erosion (‘s3’) and mass movement (‘s4’: Fig. 2), have
been collected in the tropics (Douglas et al., 1999; Sidle et al.,
2006; Walsh et al., 2006), however, the hourly time-series data
relate to natural forests not plantations. While we know of the
effects root development and organic matter incorporation on

slope instability (Sidle et al., 1985, 2006; Collison and
Anderson, 1996; Burton and Bathurst, 1998), those studies that
relate these factors to the temporal delivery of sediments do so
for temperate plantations or tropical natural forests, rather than
tropical plantations.

For some large rivers (i.e., macro-basins) with daily and
occasionally hourly suspended-sediment records, it is possible
to quantify the effects of increasing in-channel storage of
sediments at large scales (‘s5 to s6’: Fig. 2) using the methods
described in the DBM study of Rowan et al. (2001). However, it
is unclear how best to quantify the short-term rainfall
characteristics (‘H1’) driving the sediment system for DBM
models at these larger scales (Vongtanaboon and Chappell,
2004).

For particular experimental micro-basins, long-term and
sometimes high-resolution datasets of nutrients are available
through forest removal and reforestation cycles (‘O13’: Fig. 2).
Examples include the Coweeta (Swank, 1988) and Plynlimon
experimental drainage basins (Kirchner et al., 2000) in
temperate USA and UK, respectively. Further, these data have
been modelled with time-series methods (Kirchner et al., 2000).
Within tropical regions, there are fewer nutrient time-series, but
they do exist in micro-basins in Malaysia (Malmer, 1996; Grip
et al., 2004), though they have yet to be modelled dynamically.
These studies have shown that the enhanced nutrient leaching
following cutting of tropical natural forest reduces dramatically
over a few months (Malmer, 1996; Chappell et al., 2004b; Grip
et al., 2004); but the long-term effect of the plantations
established have yet to be reported. While soil and soil-water
nutrient measurements within tropical plantations have been
undertaken (Grip et al., 2004; Scott et al., 2004), the temporal
resolution and duration, and link to the river nutrients is poor.

5.5. Summary of time-series data availability issues and
implications

Many time-series data from micro-basins show that river-
flow decreases in the first few years following plantation
establishment in the tropics. Further, there is increasing
availability of tower-based, micrometeorology, which can be
used to simulate the evapotranspiration changes (‘O5’) that
cause the riverflow decreases (‘O9’: Fig. 2). This loss of
potential water yield from rivers is normally considered a
negative impact (Calder, 2006). As very few studies have
continued to monitor the water balance of plantations over
several decades, we do not know how this negative impact is
ameliorated as plantations move into senescent growth phases
(Vertessy et al., 2003). We do not know whether this negative
reforestation impact is still significant at the macro-scale (‘e5’:
Chappell and Bonell, 2005) largely because of the lack of
evaporation measurements integrated over the macro-basin
scale.

We have some evidence of the positive impact of
reforestation on soil erodibility, slope stability and nutrient
status at the plot-scale (e.g., Roman et al., 2003; Jiang et al.,
2006; Billings and Richter, 2006). The lack of sufficient time-
series data of nutrient flux at micro-basin scales in the tropics
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(‘O13’) means that we cannot realistically generalise this
potentially positive impact. The data situation is even worse for
high quality sediment data (‘O11”). Further, the dearth of time-
series data of the tropical water pathways of infiltration-excess
overland flow (‘w2’: Fig. 1), lateral flow within the soil (‘w3’),
lateral flow within the regolith (‘w4’) and lateral flow within the
rock (‘w5’) means that it is difficult to simulate changes in the
multiple sources of water (‘09’), sediments (‘O11’) and
nutrients (‘O13’: Fig. 2).

While we might have the modelling techniques, some
already applied in the tropics, it is the lack of time-series data
for nutrients (‘O13’) and sediments (‘O11’) in particular, that
currently prevent us from quantifying the negative and positive
impacts of topical reforestation.

6. Conclusions

The potential DBM model structures, links and required
time-series quantifying tropical reforestation impacts on
hydrology presented within this paper are a first step in the
modelling process. The forSIM model is a ‘blueprint’ to focus
ongoing and future research on: (a) new time-series observa-
tions needed at micro-, meso- and macro-basin scales, and (b)
the ways of simplifying the description of complex hydro-
logical processes within a modelling framework. Following
evaluation of the forSIM model with reforestation scenarios,
we aim to further develop the model to simulate the
hydrological effects of: (a) forest cutting (notably clearfell
and selection-felling practices) of natural and plantation
forests (Bruijnzeel, 2001; Chappell et al., 2004b) and (b)
natural regeneration and enrichment planting within disturbed
rainforests (Magnusson et al., 1999). We will also make
versions of the model available, so that others can apply the
approach to simulate other land-use changes such as the effects
of conversion from high to low tillage agricultural practices
(Moehansyah et al., 2004).

Any landscape manipulation always gives both positive and
negative changes (Chappell, 2005). Sustainable forestry
management solutions, therefore, require us to quantify all
of the hydrological changes that dominate within the region
under study, while presenting the results in a transparent and
simplistic way, and maintaining consistency with the latest
hydrological science. As a result, there are four observational
datasets for reforested basins that must be sought to better
parameterise the forSIM model:

(1) Time-series of catchment water balance data for plantations
that extends over several decades are required to assess
reductions in evapotranspiration with plantation age.

(2) Water budget observations for tropical macro-basins
experiencing extensive and staged reforestation are
required for a realistic assessment of water yield effects
on a whole region,

(3) Nutrient and sediment losses from tropical micro- to macro-
basins are needed to quantify the degree of change with
plantation development and maturation and to compare
with the water yield changes.

(4) Research on new methods of collecting data on component
water pathways dominating at the micro-basin scale (e.g.,
lateral flow within the soil) are needed to simulate changes
to the internal state dynamics controlling the river
hydrograph, river sedigraph and nutrient losses.

By developing the forSIM model, we do not present a single
answer, but a tool for underpinning further research particularly
involving new field observations or reanalysis of existing field
data.

References

Alder, D., 1978. PYMOD: A forecasting model for conifer plantations in the
tropical highlands of Eastern Africa. In: Growth Models for Long-Term
Forecasting of Timber Yields, Virginia State University, Virginia, pp. 1-13.

Bathurst, J.C., 1986. Physically-based distributed modelling of an upland
catchment using the systeme hydrologique European. J. Hydrol. 105,
157-172.

Beck, M.B., Jakeman, A.J., McAleer, M.J., 1993. Construction and evaluation
of models of environmental systems. In: Jakeman, A.J., Beck, M.B., M-
cAleer, M.J. (Eds.), Modelling Change in Environmental Systems. Wiley,
Chichester, pp. 3-35.

Beven, K., 2001a. On fire and rain (or predicting the effects of change). Hydrol.
Process. 15, 1397-1399.

Beven, K., 2001b. How far can we go in distributed hydrological modelling?
Hydrol. Earth Syst. Sci. 5, 1-12.

Beven, K.J., 2001c. Rainfall-Runoff Modelling: The Primer. Wiley, Chichester.

Billings, S.A., Richter, D.D., 2006. Changes in stable isotopic signatures of soil
nitrogen and carbon during 40 years of forest development. Oecologia 148
(2), 325-333.

Bloschl, G., Sivapalan, M., 1995. Scale issues in hydrological modelling: a
review. In: Kalma, J.D., Sivapalan, M. (Eds.), Scale Issues in Hydrological
Modelling. Wiley, Chichester, pp. 9—48.

Bonell, M., 2004. Runoff generation in tropical forests. In: Bonell, M.,
Bruijnzeel, L.A. (Eds.), Forests, Water and People in the Humid Tropics.
Cambridge University Press, Cambridge, pp. 314-406.

Bonell, M., Gilmour, D.A., 1978. The development of overland flow in a
tropical rainforest catchment. J. Hydrol. 39, 365-382.

Bonell, M., Casells, D.S., Gilmour, D.A., 1984. Tritiated water movement in clay
soils of a small catchment under tropical rainforest in North East Queensland.
In: Bouma, J., Raats, P.A.C. (Eds.), ISSS Symposium on Water and Solute
Movement in Heavy Clay Soils. ILRL Publication No. 37. pp. 197-201.

Bonell, M., Barnes, C.J., Grant, C.R., Howard, A., Burns, J., 1998. High rainfall,
response-dominated catchments: a comparative study of experiments in
Tropical Northeast Queensland with temperate New Zealand. In: Kendall,
C., McDonnell, J.J. (Eds.), Isotope Tracers in Catchment Hydrology. Else-
vier Science B.V., Amsterdam, pp. 347-390.

Boochabun, K., Tych, W., Chappell, N.A., Carling, P.A., Lorsirirat, K., Pa-
Obsaeng, S., 2004. Statistical modelling of rainfall and river flow in
Thailand. J. Geol. Soc. India 64, 503-515.

Box, G.E.P, Jenkins, G.M., 1970. Time Series Analysis: Forecasting and
Control. Holden-Day, San Francisco.

Boyer, E.W., Howarth, R.W., Galloway, J.N., Dentener, F.J., Green, PA.,
Vorosmarty, C.J., 2006. Riverine nitrogen export from the continents to
the coasts. Global Biogeochem. Cycles 20 (1) (art. no. GB1S91).

Brooks, E.S., Boll, J., McDaniel, P.A., 2004. A hillslope-scale experiment to
measure lateral saturated hydraulic conductivity. Water Resour. Res. 40
(art. no. W04208).

Bruijnzeel, L.A., 1990. Hydrology of Moist Tropical Forest and Effects of
Conversion: A State of the Art Review. UNESCO, Paris.

Bruijnzeel, L.A., 2001. Forest hydrology. In: Evans, J. (Ed.), The Forests
Handbook. Blackwell, Oxford, pp. 301-343.

Bruijnzeel, L.A., 2004. Hydrological functions of tropical forests: not seeing the
soil for the trees? Agric. Ecosyst. Environ. 104, 185-228.



62 N.A. Chappell et al./Forest Ecology and Management 251 (2007) 52—64

Bryan, R.B., Hawke, R.M., Rockwell, D.L., 1998. The influence of subsurface
moisture on rill system evolution. Earth Surf. Process. Landforms 23 (9),
773-789.

Burton, A., Bathurst, J.C., 1998. Physically based modelling of shallow land-
slide sediment yield at a catchment scale. Environ. Geol. 35 (2-3), 89-99.

Calder, I.R., 2004. Forests and water—closing the gap between public and
science perceptions. Water Sci. Technol. 49 (7), 39-53.

Calder, I.R., 2006. Forests and floods: moving to an evidence-based approach to
watershed and integrated flood management. Water Int. 31 (1), 87-99.
Calvaruso, C., Turpault, M., Frey-Klett, P., 2006. Root-associated bacteria
contribute to mineral weathering and to mineral nutrition in trees: a

budgeting analysis. Appl. Environ. Microbiol. 72, 1258-1266.

Chappell, N.A., 2005. Water pathways in humid forests: myths vs observations
(in Japanese). Suiri Kagaku 48, 32-46.

Chappell, N.A., Ternan, J.L., 1992. Flow-path dimensionality and hydrologic
modelling. Hydrol. Process. 6, 327-345.

Chappell, N.A., Bonell, M., 2005. Uncertainties in hydrology of tropical
reforestation: beyond ‘“From the mountain to the tap”. ETFRN News
25, 8-11.

Chappell, N.A., Sherlock, M.D., 2005. Contrasting flow pathways within
tropical forest slopes of Ultisol soil. Earth Surf. Process. Landforms 30,
735-753.

Chappell, N.A., Lancaster, J.W., 2007. Comparison of methodological uncer-
tainty within permeability measurements. Hydrol. Process. 21, in press.

Chappell, N.A., Franks, S.W., Larenus, J., 1998. Multi-scale permeability
estimation for a tropical catchment. Hydrol. Process. 12, 1507-1523.

Chappell, N.A., McKenna, P., Bidin, K., Douglas, 1., Walsh, R.P.D., 1999a.
Parsimonious modelling of water and suspended-sediment flux from nested-
catchments affected by selective tropical forestry. Philos. Trans. R. Soc.
Lond. Series B 354, 1831-1846.

Chappell, N.A., Ternan, J.L., Bidin, K., 1999b. Correlation of physicochemical
properties and sub-erosional landforms with aggregate stability variations in
a tropical Ultisol disturbed by forestry operations. Soil Tillage Res. 50, 55—
71.

Chappell, N.A., Bidin, K., Tych, W., 2001. Modelling rainfall and canopy
controls on net-precipitation beneath selectively-logged tropical forest.
Plant Ecol. 153, 215-229.

Chappell, N.A., Douglas, L., Hanapi, J.M., Tych, W., 2004a. Source of sus-
pended-sediment within a tropical catchment recovering from selective
logging. Hydrol. Process. 18, 685-701.

Chappell, N.A., Nik, A.R., Yusop, Z., Tych, W., Kasran, B., 2004b. Spatially-
significant effects of selective tropical forestry on water, nutrient and
sediment flows: a modelling-supported review. In: Bonell, M., Bruijn-
zeel, L.A. (Eds.), Forests, Water and People in the Humid Tropics. Cam-
bridge University Press, Cambridge, pp. 513-532.

Chappell, N.A., Tych, W., Chotai, A., Bidin, K., Sinun, W., Thang, H.C., 2004c.
New approach to modelling water paths in managed rainforests. In: Sidle,
R.C., Tani, M., Nik, A.R., Tadese, T.A. (Eds.), Forests and Water in Warm,
Humid Asia. Disaster Prevention Research Institute, Uiji, pp. 256-259.

Chappell, N.A., Sherlock, M., Bidin, K., Vongtanaboon, S., 2005. Rainfall-
runoff processes in Southeast Asian forests. In: Proceedings of the
International Conference on Forest Environment in continental river basins;
with a focus on the Mekong River, Phnom Penh, Cambodia, 5-7 December,
pp. 1-2.

Chappell, N.A., Tych, W., Chotai, A., Bidin, K., Sinun, W., Thang, H.C., 2006.
BARUMODEL: Combined data based mechanistic models of runoff
response in a managed rainforest catchment. Forest Ecol. Manag. 224,
58-80.

Chappell, N.A., Sherlock, M., Bidin, K., Macdonald, R., Najman, Y., Davies,
G., 2007. Runoff processes in Southeast Asia: role of soil, regolith and rock
type. In: Shimizu, A., Araki, M., Chappell, N.A. (Eds.), The Forest
Environment in Continental River Basins. Springer, Tokyo, pp. 3-23.

Clark, D.A., Clark, D.B., 1999. Assessing the growth of tropical rain forest
trees: issues for forest modeling and management. Ecol. Appl. 9 (3), 981—
997.

Clark, D.B., Taylor, C.M., Thorpe, A.J., 2004. Feedback between the land
surface and rainfall at convective length scales. J. Hydrometeorol. 5 (4),
625-639.

Collison, A.J.C., Anderson, M.G., 1996. Using a combined slope hydrology
stability model to identify suitable conditions for landslide prevention by
vegetation in the humid tropics. Earth Surf. Process. Landforms 21, 737-
747.

Cuo, L., Giambelluca, T.W., Ziegler, A.D., Nullet, M.A., 2006. Use of the
distributed hydrology soil vegetation model to study road effects on
hydrological processes in Pang Khum Experimental Watershed, northern
Thailand. Forest Ecol. Manag. 224, 81-94.

Curtis, J.A., Flint, L.E., Alpers, C.N., Yarnell, S.M., 2005. Conceptual model of
sediment processes in the upper Yuba River watershed, Sierra Nevada, CA.
Geomorphology 68 (3—4), 149-166.

Deguchi, A., Hattori, S., Park, H.T., 2006. The influence of seasonal changes in
canopy structure on interception loss: application of the revised Gash
model. J. Hydrol. 318 (1-4), 80-102.

Dhakal, A.S., Sidle, R.C., 2003. Long-term modelling of landslides for different
forest management practices. Earth Surf. Process. Landforms 28 (8), 853—
868.

Dietrich, W.E., Dunne, T., 1978. Sediment budget for a small catchment in
mountainous terrain: Zeitschrift fur. Geomorphologie 29, 191-206.

Douglas, I., Bidin, K., Balamurugam, G., Chappell, N.A., Walsh, R.P.D., Greer,
T., Sinun, W., 1999. The role of extreme events in the impacts of selective
tropical forestry on erosion during harvesting and recovery phases at Danum
Valley, Sabah. Philos. Trans. R. Soc. Lond. Series B 354, 1749-1761.

Evans, J., Turnbull, J., 2004. Plantation Forestry in the Tropics, second ed.
Oxford University Press, Oxford.

Elsenbeer, H., Lack, A., 1996. Hydrometric and hydrochemical evidence for
fast flowpaths at La Cuenca, western Amazonia. J. Hydrol. 180 (1-4), 237-
250.

Eyles, R.J., 1968. Morphometric explanation: a case study. Geographia (Uni-
versity of Malaya) 4, 17-23.

FAO, 2004. Fertilizer Use by Crop in Malaysia. FAO, Rome.

Fawcett, C.P,, Young, P.C., Feyen, H., 1997. Validation of data-based mechan-
istic non-linear rainfall-flow model. In: Proceedings of the twelfth Inter-
national Conference on Systems Engineering, ICSE’97, Coventry
University, Coventry, 9-11 September, pp. 252-257.

Geissen, V., Guzman, G.M., 2006. Fertility of tropical soils under different land
use systems—a case study of soils in Tabasco, Mexico. Appl. Soil Ecol. 31
(1-2), 169-178.

Genereux, D.P., Jordan, M., 2006. Interbasin groundwater flow and ground-
water interaction with surface water in a lowland rainforest, Costa Rica: a
review. J. Hydrol. 320 (3-4), 385-399.

George, R.J., 1992. Hydraulic-properties of groundwater systems in the sapro-
lite and sediments of The Wheat-Belt, Western Australia. J. Hydrol. 130,
251-278.

Godsey, S., Elsenbeer, H., 2002. The soil hydrologic response to forest
regrowth: a case study from southwestern Amazonia. Hydrol. Process.
16 (7), 1519-1522.

Granier, A., Huc, R., Colin, F., 1992. Transpiration and stomatal conductance of
two rain-forest species growing in plantations (Simarouba mmara and
Goupia glabra) in French Guyana. Annales des Sciences Forestieres 49
(1), 17-24.

Grip, H., Fritsch, J.-M., Bruijnzeel, L.A., 2004. Soil and water impacts during
forest conversion and stabilisation to new land use. In: Bonell, M.,
Bruijnzeel, L.A. (Eds.), Forests, Water and People in the Humid Tropics.
Cambridge University Press, Cambridge, pp. 561-597.

Hayward, B., 2005. From the Mountain to the Tap: How Land-Use and
Management Can Work for the Rural Poor. Natural Resources International
Ltd, East Malling.

Herbuts, J., de Buyl, E., 1981. The relation between spruce monoculture and
incipient podzolisation in ochreous brown earths of the Belgium Ardennes.
Plant Soil 59, 33-49.

Holden, P.A., Fierer, N., 2005. Microbial processes in the vadose zone. Vadose
Zone J. 4 (1), 1-21.

Innes, L., Hobbs, PJ., Bardgett, R.D., 2004. The impacts of individual plant
species on rhizosphere microbial communities in soils of different fertility.
Biol. Fertil. Soils 40 (1), 7-13.

Institute of Geography, 1999. The National Physical Atlas of China. China
Cartographic Publishing House, Beijing.



N.A. Chappell et al./ Forest Ecology and Management 251 (2007) 52—-64 63

Jiang, Y.J., Yuan, D.X., Zhang, C., Kuang, M.S., Wang, J.L., Xie, S.Y., Li, L.L.,
Zhang, G., He, R.S., 2006. Impact of land-use change on soil properties in a
typical karst agricultural region of Southwest China: a case study of
Xiaojiang watershed, Yunnan. Environ. Geol. 50 (6), 911-918.

Jones, J.A., Grant, G.E., 1996. Peak flow responses to clear-cutting and roads in
small and large basins, western Cascades, Oregon. Water Resour. Res. 32,
959-974.

Keenan, R.J., Prescott, C.E., Kimmins, J.P.H., 1995. Litter production and
nutrient resorption in western red cedar and western hemlock forests in
northern Vancouver Island, British Columbia. Can. J. Forest Res. 25 (11),
1850-1857.

Kirby, C., Newson, M., Gilman, K., 1991. Plynlimon Research: The First Two
Decades. Hydrology Report 109. Institute of Hydrology, Wallingford.
Kirchner, J.W., Feng, X.H., Neal, C., 2000. Fractal stream chemistry and its
implications for contaminant transport in catchments. Nature 403 (6769),

524-527.

Kittredge, J., 1948. Forest Influences. Dover Publications, New York.

Klemes, V., 2000. Common Sense and Other Heresies: Selected Papers on
Hydrology and Water Resources Engineering. Canadian Water Resources
Association, Cambridge.

Kumagai, T., Katul, G.G., Saitoh, T.M., Sato, Y., Manfroi, O.J., Morooka, T.,
Ichie, T., Kuraji, K., Suzuki, M., Porporato, A., 2004. Water cycling in a
Bornean tropical rain forest under current and projected precipitation
scenarios. Water Resour. Res. 40 (1) (art. no. W01104).

Kume, T., Kuraji, K., Yoshifuji, N., Morooka, T., Sawano, S., Chong, L., Suzuki,
M., 2006. Estimation of canopy drying time after rainfall using sap flow
measurements in an emergent tree in a lowland mixed-dipterocarp forest in
Sarawak, Malaysia. Hydrol. Process. 20 (3), 565-578.

Lees, M., Young, P.C., Ferguson, S., Beven, K.J., Burns, J., 1994. An adaptive
flood warning scheme for the River Nith at Dumfries. In: White, W.R.,
Watts, J. (Eds.), River Flood Hydraulics. Wiley, Chichester, pp. 65-75.

Lugo, A.E., 1992. Comparison of tropical tree plantations with secondary forest
of the same age. Ecol. Monogr. 62, 1-41.

Magnusson, W.E., de Lima, O.P., Quintiliano, Reis, F., Higuchi, N., Ferreira
Ramos, J., 1999. Logging activity and tree regeneration in an Amazonian
forest. Forest Ecol. Manag. 113, 67-74.

Malhi, Y., Pegoraro, E., Nobre, A.D., Pereira, M.G.P,, Grace, J., Culf, AD.,
Clement, R., 2002. Energy and water dynamics of a central Amazonian rain
forest. J. Geophys. Res. Atmos. 107 (D20) (art. no. 8061).

Malmer, A., 1996. Hydrological effects and nutrient losses of forest plantation
establishment on tropical rainforest land in Sabah, Malaysia. J. Hydrol. 174,
129-148.

McClain, M.E., 2004. Ecohydrology as a tool in the sustainable development of
large tropical rivers. In: Harper, D., Zalewski, M., Jorgensen, S.E., Pacini,
N. (Eds.), Ecohydrology: Processes, Models and Case Studies. CABI,
Oxfordshire.

Moehansyah, H., Maheshwari, B.L., Armstrong, J., 2004. Field evaluation of
selected soil erosion models for catchment management in Indonesia.
Biosyst. Eng. 88 (4), 491-506.

Morgan, R.P.C., 1995. Soil Erosion and Conservation. Longman, Harlow.

Morris, L.A., 2001. Sustainable management of soil and site. In: Evans, J.
(Ed.), The Forests Handbook. Blackwell, Oxford, pp. 140-171.

Nys, C., Ranger, J., 1985. Influence de 1’espece sur le fonctionnement de
I’écosysteme forestier. Le cas de la substitution de’une essence resineuse a
une essence feuille. Sci. Sol. 203-216.

O’Loughlin, C.L., Watson, A., 1979. Root wood strength deterioration in
radiata pine after clearfelling. N.Z. J. Forest Sci. 9, 284-293.

Pereira, H.C., 1959. A physical basis for land use policy in tropical catchment
areas. Nature 184, 1768-1771.

Post, D.A., Jakeman, A.J., 1996. Relationships between catchment attributes
and hydrological response characteristics in small Australian mountain ash
catchments. Hydrol. Process. 10, 877-892.

Roberts, J., 2000. The influence of physical and physiological characteristics of
vegetation on their hydrological response. Hydrol. Process. 14, 2885-2901.

Roberts, J.M., Gash, J.H.C., Tani, M., Bruijnzeel, L.A., 2004. Controls on
evaporation in lowland tropical rainforest. In: Bonell, M., Bruijnzeel, L.A.
(Eds.), Forests, Water and People in the Humid Tropics. Cambridge
University Press, Cambridge, pp. 287-313.

Robinson, M., Cognard-Plancq, A.L., Cosandey, C., David, J., Durand, P,
Fuhrer, H.W., Hall, R., Hendriques, M.O., Marc, V., McCarthy, R., McDon-
nell, M., Martin, C., Nisbet, T., O’Dea, P., Rodgers, M., Zollner, A., 2003.
Studies of the impact of forests on peak flows and baseflows: a European
perspective. Forest Ecol. Manag. 186 (1-3), 85-97.

Roman, R., Fortun, C., De Sa, M.E.G.L., Almendros, G., 2003. Successful soil
remediation and reforestation of a calcic regosol amended with composted
urban waste. Arid Land Res. Manag. 17 (3), 297-311.

Roy, S.B., Hurtt, G.C., Weaver, C.P,, Pacala, S.W., 2003. Impact of historical
land cover change on the July climate of the United States. J. Geophys. Res.
Atmos. 108 (D24) (art. no. 4793).

Roy, S.B., Walsh, PD., 2005. Accelerating deforestation in the Congo basin can
pose climate risks. Ecol. Soc. 10 (2.).

Rowan, J.S., Price, L.E., Fawcett, C.P,, Young, P.C., 2001. Reconstructing
historic reservoir sedimentation rates using data-based mechanistic model-
ling. Phys. Chem. Earth Part B—Hydrol. Oceans Atmos. 26 (1), 77-82.

Salako, FK., Tian, G., 2005. Litter production and soil condition under
agroforestry trees in two agroecological zones of southern Nigeria. J.
Sustainable Agric. 26 (2), 5-21.

Salako, F.K., Hauser, S., Babalola, O., Tian, G., 2001. Improvement of the
physical fertility of a degraded Alfisol with planted and natural fallows
under humid tropical conditions. Soil Use Manag. 17, 41-47.

Scott, D.F,, Bruijnzeel, L.A., Mackensen, J., 2004. The hydrological and soil
impacts of forestation in the tropics. In: Bonell, M., Bruijnzeel, L.A.
(Eds.), Forests, Water and People in the Humid Tropics. Cambridge
University Press, Cambridge, pp. 622-651.

Schenk, H.J., Jackson, R.B., 2002. Rooting depths, lateral root spreads and
below-ground/above-ground allometries of plants in water-limited ecosys-
tems. J. Ecol. 90 (3), 480-494.

Schulz, K., Jarvis, A.J., 2004. Environmental and biological controls on the
seasonal variations in latent heat fluxes derived from flux data for three
forest sites. Water Resour. Res. 40 (12) (art. no. W12501).

Sefton, C.E.M., Howarth, S.M., 1998. Relationships between dynamic response
characteristics and physical descriptors of catchments in England and
Wales. J. Hydrol. 211 (1-4), 1-16.

Sharda, V.N., Ojasvi, PR., 2006. Hydrological evaluation of forest tree covers in
different agro-ecological regions of India. In: Proceedings of the Interna-
tional Workshop on Impacts of Reforestation of Degraded Land on Land-
scape Hydrology in the Asian Region, Roorkee, India, 6—10 March, pp. 1-
18.

Sherlock, M.D., Chappell, N.A., McDonnell, J.J., 2000. Effects of experimental
uncertainty on the calculation of hillslope flow paths. Hydrol. Process. 14,
2457-2471.

Sidle, R.C., 1991. A conceptual model of changes in root cohesion in response
to vegetation management. J. Environ. Qual. 20, 43-52.

Sidle, R.C., 2006. Field observations and process understanding in hydrology:
essential components in scaling. Hydrol. Process. 20 (6), 1439-1445.
Sidle, R.C., Pearce, A.J., O’Loughlin, C.L., 1985. Hillslope stability and land
use. In: Water Resources Monograph No. 11, American Geophysical Union,

Washington, DC.

Sidle, R.C., Wu, W.M., 1999. Simulating effects of timber harvesting on the
temporal and spatial distribution of shallow landslides. Zeitschrift fiir
Geomorphologie 43, 185-201.

Sidle, R.C., Ziegler, A.D., Negishi, J.N., Nik, A.R., Siew, R., Turkelboom, F.,
2006. Erosion processes in steep terrain—truths, myths, and uncertainties
related to forest management in Southeast Asia. Forest Ecol. Manag. 224
(1-2), 199-225.

Silver, W.L., Thompson, A.W., Reich, A., Ewel, J.J., Firestone, M.K., 2005.
Nitrogen cycling in tropical plantation forests: potential controls on nitrogen
retention. Ecol. Appl. 15 (5), 1604-1614.

Struckmeier, W., Richts, A., 2004. Groundwater Resources of the World,
special ed. BGR, Hannover and UNESCO, Paris.

Swank, W.T., 1988. Stream chemistry responses to disturbance. In: Swank,
W.T., Crossley, Jr., D.A. (Eds.), Forest Hydrology and Ecology at Coweeta.
Ecological Studies, vol. 66. Springer-Verlag, New York, pp. 339-357.

Szarzynski, J., Anhuf, D., 2001. Micrometeorological conditions and canopy
energy exchanges of a neotropical rain forest (Surumoni-Crane Project,
Venezuela). Plant Ecol. 153 (1-2), 231-239.



64 N.A. Chappell et al./ Forest Ecology and Management 251 (2007) 52—64

Tanaka, K., Takizawa, H., Kume, T., Xu, J.Q., Tantasirin, C., Suzuki, M., 2004.
Impact of rooting depth and soil hydraulic properties on the transpiration
peak of an evergreen forest in northern Thailand in the late dry season. J.
Geophys. Res. Atmos. 109 (D23) (art. no. D23107).

Terzaghi, K., Peck, R.P., 1967. Soil Mechanics in Engineering Practice. Wiley,
Chichester.

Thang, H.C., Chappell, N.A., 2004. Minimising the hydrological impact of
forest harvesting in Malaysia’s rainforests. In: Bonell, M., Bruijnzeel, L.A.
(Eds.), Forests, Water and People in the Humid Tropics. Cambridge
University Press, Cambridge, pp. 852-865.

Tukey, J.W., 1961. Discussion emphasizing the connection between analysis of
variance and spectrum analysis. Technometrics 3, 191.

Trudgill, S.T., 1988. Soil and Vegetation Systems. Oxford University Press,
New York.

United Nations Framework Convention and Climate Change, 2002. Report of
the Conference of the Parties on its seventh session, held at Marrakesh from
29 October to 10 November 2001: Addendum, vol. 2. FCCC/CP/2001/13/
Add.2, 21 January 2002. United Nations, New York.

Van Dijk, A.IJ.M., Bruijnzeel, L.A., Schellekens, J., 2004. Micrometeorology
and water use of mixed crops in upland West Java, Indonesia. Agric. Forest
Meteorol. 124 (1-2), 31-49.

Van Lear, D.H., Kapeluck, P.R., Parker, M.M., 1995. Distribution of carbon in
Piedmont soil as affected by loblolly pine management. In: McFee, W.W.,
Kelly, L.M. (Eds.), Carbon Forms and Functions in Forest Soils. Soil
Science Society of America, Madison, pp. 489-502.

Vertessy, R.A., Zhang, L., Dawes, W.R., 2003. Plantations, river flows and river
salinity. Aust. Forestry 66 (1), 55-61.

Vongtanaboon, S., Chappell, N.A., 2004. DBM rainfall-runoff modelling of
large rainforest catchments in Thailand. In: Sidle, R.C., Tani, M., Nik,
A.R., Tadese, T.A. (Eds.), Forests and Water in Warm, Humid Asia. Disaster
Prevention Research Institute, Uiji, pp. 252-255.

Vorosmarty, C.J., Meybeck, M., Fekete, B., Sharma, K., Green, P., Syvitski,
J.P.M., 2003. Anthropogenic sediment retention: major global impact from
registered river impoundments. Global Planet. Change 39 (1-2), 169-190.

Walsh, R.P.D., Clarke, M., Bidin, K., Blake, W.H., Chappell, N.A., Douglas, .,
Ramli, N., Sayer, A.M., Sinun, W., Larenus, J., Hanapi, J., 2006. Changes in
the spatial distribution of erosion within a selectively logged rain-forest
catchment in Borneo, 1988-2002. In: Owens, P.N., Collins, A.J. (Eds.),

Soil erosion and Sediment Redistribution in River Catchments: Measure-
ment, Modelling and Management. CABI Publishing, Wallingford, pp.
239-253.

Wen, X., Gomez-Hernandez, J.J., 1996. Upscaling hydraulic conductivities in
heterogeneous media: a review. J. Hydrol. 183, 9-32.

Wendling, B., Jucksch, I., Mendonca, E.D., Neves, J.C.L., 2005. Organic carbon
and aggregate stability of a Red Latossol under different managements.
Pesquisa Agropecuaria Brasileira 40 (5), 487-494.

Werth, D., Avissar, R., 2004. The regional evapotranspiration of the Amazon. J.
Hydrometeorol. 5 (1), 100-109.

Wood, E.F.,, 2002. Detection of climate change: when and where? Gewex
Newslett. 12 (1), 4-6.

‘Wu, H.I., Hatton, T.J., Stoker, R.L., 1997. Use of power index and two-phase
density approach to study fine root dynamics. Ecol. Model. 95 (1), 87-93.

Young, P.C., 1984. Recursive Estimation and Time-Series Analysis. Springer-
Verlag, Berlin.

Young, P.C., 1985. The instrumental variable method: a practical approach to
identification and system parameter estimation. In: Barker, H.A., Young,
P.C. (Eds.), Identification and System Parameter Estimation. Pergamon,
Oxford, pp. 1-16.

Young, P.C., 1992. Parallel processes in hydrology and water quality. J. Inst.
Water Environ. Manag. 6, 598-612.

Young, P.C., 1999. Data-based mechanistic modelling, generalized sensitivity
and dominant mode analysis. Comput. Phys. Commun. 115, 1-17.

Young, P.C., 2001. Data-based mechanistic modelling and validation of rainfall-
flow processes. In: Anderson, M.G., Bates, P.D. (Eds.), Model Validation:
Perspectives in Hydrological Science. Wiley, Chichester, pp. 117-161.

Yusoff, M.K., Heng, S.S., Majid, N.M., Mokhtaruddin, A.M., Harum, LF.,
Alias, M.A., Kobayashi, S., 2001. Effect of different land use patterns on
stream quality water in Pasoh, Negri Sembilan, Malaysia. In: Kobayashi,
S., Turnbull, J.W., Toma, T., Mori, T., Majid, N.M.N.A. (Eds.), Reh-
abilitation of Degraded Forest Ecosystems in the Tropics. CIFOR,
Bogor.

Zeng, N., Neelin, J.D., Lau, K.M., Tucker, CJ., 1999. Enhancement of
interdecadal climate variability in the Sahel by vegetation interaction.
Science 286 (5444), 1537-1540.

Zektser, 1.S., Everett, L.G., 2004. Groundwater Resources of the World and
their Use. IHP-VI, Series on Groundwater No. 6. UNESCO, Paris.



	Development of the forSIM model to quantify positive and negative �hydrological impacts of tropical reforestation
	Introduction
	Systems methodology
	Identifying DBM hydrological models
	Defining component models and drivers
	Time-dependent reforestation drivers
	Time-dependent hydrological drivers
	DBM runoff pathways model
	DBM evapotranspiration model
	DBM riverflow model
	DBM sediment delivery model
	DBM nutrient delivery model

	Linking DBM models
	Why link DBM models?
	Modelling environment
	Rationale underpinning links between hydrological components

	Time-series observations from tropical studies pertinent to reforestation
	Why time-series data are important in parameter identification
	Time-dependent reforestation and hydrological drivers
	Runoff pathway, evapotranspiration and riverflow changes with reforestation
	Sediment and nutrient flux changes with reforestation
	Summary of time-series data availability issues and implications

	Conclusions
	References


