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Appendix 1. Introduction to STELLA

STELLA is a flowchart-based modelling software. It enable users to construct model by drawing
boxes, circles and arrows. STELLA is similar to ModelMaker.

During this session you will learn to build a model, step by step using STELLA. The purpose
of this session is to familiarize yourself with STELLA and to learn how to use basic features of
STELLA for simulation modelling.

Initiating STELLA

Start STELLA by clicking on its icon on the window screen. You will be automatically inside a new file.

STELLA is a multi-level hierarchical environment. It consists of 3 layers!:

e Interface Layer; which contain input output relationship

e Map and Model Construction Layer; where you construct the model can be simulated, it is
often refered to as the 'engine room' for the models you create

e Equation Layer; to view list of all equation of model elements and relations

Move between layers

e  Currently you are in the second layer. You can move between layers by clicking on arrow at the top
left hand corner.
e You will find all the layers are still empty because you have not construct anything.

Let’s try building a simple model based on Trenbath (1984).

Trenbath formulated a simple model of restoration and depletion of ‘soil fertility’ during fallow
and cropping periods, respectively.

‘Soil fertility’ is defined as a complex of effective nutrient supply and biological factors (diseases,
weeds) affecting crop yield. Crop yield is assumed to be directly proportional to ‘soil fertility’.

Assume during a cropping period soil fertility declines with a fraction D per crop, while during a
fallow period soil fertility can be recreated with a fraction of R.

3 Version 9 and beyond has 4 layers:
. Interface Layer which contain input output relationship
. Map layer: to layout your thinking in the front of a map
. Model Construction Layer; where you construct the model can be simulated, it is often refered to as the
. Equation Layer; to view list of all equation of model elements and relations
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e Make sure you are in the second layer. You will notice a globe (world) icon underneath the arrow
at the top left hand corner. On the top you will see 14 icons, starting with ‘box’ icon at the furthest
left and ‘ghost’ at the furthest right.

e Make a variable of soil fertility. To do this, click on the box icon then click again anywhere on the
empty space. Change the name from ‘Noname1l’ into ‘Soil Fertility’ or any variable name you like.
There are no restriction on length. What you have just made is called building blocks.

Constructing a model

STELLA has 4 types of building box:

1. Stocks
Stocks

Flows

3. Converters

Converters

4. Connectors
Socks

Stocks are accumulations. They collect whatever flows into and out of them

.~ The job of flows is to fill and drain accumulation s. The unfilled arrow
head on the flow pipe indicated the direction of the flow.

The converter serves a practical and handy role. It holds values for constants,
defines external inputs to the model, calculates algebraic relationships and

serves as the repository for graphical functions. In general it converts inputs
into outputs.

|137

The job of the connector is to connect model

- s elements.
! -7 This is an example of how building blocks are used.
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Constructing a model (Continued.)

Since ‘Soil Fertility’ will decrease during cropping year, you will have to make an outflow from ‘Soil
Fertility’. Name the flow as ‘Depletion’.

‘Depletion’ depend on depleting factor (D), length of cropping year and length of fallow year (if it
is a fallow year, depletion will not occur). Make 3 converters and name them as D, TimeCrop and
TimeFallow. Connect all 3 converters to ‘Depletion’

Now you will need to define the relationship between those parameters into an equation in
‘Depletion’. See what happen if you click twice on ‘Depletion’.

Click Cancel and see what happen if you click on the globe icon then clicking twice on ‘Depletion’.
You are now in equation box. Type out the following equation:

IF(MOD(TIMEM, (TimeCrop+TimeFallow)) <TimeCrop) THEN (Soil_Fertility*D) ELSE(0)1

Make sure there is a connection from ‘Soil Fertility’ to ‘Depletion’

You will see that all building blocks except ‘Depletion’ has question mark on them. They are
asking for a value. Put the following value just for a try out. D=0.4, Soil fertility=10, TimeFallow=3,
TimeCrop=3

Now, do the same step for recreation factor, which is an inflow to ‘Soil Fertility’. What do

you think should be the equation in ‘Recreation’? First try a constant value, for example put
IF(MOD(TIME, (TimeCrop+TimeFallow)) > TimeCrop)THEN(0.2) ELSE(0)

The Trenbath model used a ‘saturation’ function in which the recreation depends on the
difference between current fertility and a maximum value (Finf), modified by a ‘half-recovery
time’ Kfert, so we make converters for Finf (value e.g. 10) and Kfert (value e.g. 5): IF(MOD(TIME,
(TimeCrop+TimeFallow)) >TimeCrop) THEN((Finf Soil_Fertility)*Soil_Fertility/(Finf-Soil_
Fertility+Kfert*Finf)) ELSE(0)

Now go to the third layer. You will now see the values and equations of your model.

Making an Output

To make a graph click on graph icon (7th icon from left) and click again anywhere. A box named
untitled graph will emerge.

Click twice on the graph then select ‘Soil Fertility’ from Allowable Box. Click the arrow pointing to
the right. Then click OK.

You may do the same thing with table icon (8th icon from left)

Running the Program

To run the program choose Run from Run Menu. You can also run the program by pressing Ctrl-R
or clicking the running-man icon in the bottom left hand corner then click an arrow pointing to the
right.

To see the simulation result, click twice on the graph or table.

You will notice that the simulation run until time 12 with Delta Time (DT)=0.25. You can change
this by choosing Time Spec on Run Menu. Try putting DT=1 and length simulation to 50.

Run the model again and see what happen.

Try changing R and D value. At what value would they result in stable condition?

4

MOD(TIME,(TimeCrop+TimeFallow)) will give current time minus the already completed cycles. The early part of a
new cycle is cropped, the latter part is fallow.
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Sensitivity Analysis

STELLA has a sensitivity analysis option. Let’s try to see how sensitive ‘Soil fertility’ to changes in ‘De-

pletion’

e Choose Sensi Spec from Run Menu. Choose D from Allowable Box then click an arrow pointing to
right.

e Click D on Selected Box, then fill the following value: Start=0.2, End=0.6. Click on Set then OK.

e  Click twice on graph, then choose graph type as Comparative.

¢ Now Run the model and see the result.

Exercises

The model you have built is very simple. Now try adding other variables to add complexity into it. Be-

low are several exercises you may like to try out.

e Add crop production into it. Assume crop production is linearly proportional to decreased in ‘soil
fertility’/depletion. Find the total crop production during simulation.

e Assume that in the sum of cropping time and fallow time is a constant over time (a constant cycle).
Fallow time is a function of total cumulative production. If the cumulative production meet a
certain target then continue with the same length of fallow time. If cumulative production below
target you need to shortened the length of fallow time to make up for.

e Assume target production as a function of population density and food needed per capita
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Appendix 2. User’s guide to WaNuLCAS

Introduction

This user’s guide is designed to help users in working with WaNuLCAS model. Throughout
this document, we assumed users have a basic experience on using software under Microsoft
Windows.

To be able to run WaNuLCAS reasonably well the recommended system requirements are:
e  Pentium processor or better

¢ Microsoft Windows™ 95

e 64 MBRAM

e VGA display of at least 256 colors

There are three options for running WaNuLCAS:
1. Under STELLA demo, you can
a. change most of the parameter values within the ranges set
b. runthe model and explore the result
2. Under STELLA Commercial Run Time (CRT), which is a ‘stripped’ version of Stella Research.
You can:
a. runthe model
b. change most of the parameter values within the ranges set (directly or by copying from
EXCEL files), and
save/save as to maintain modified parameters
save graphs as pictures for printer
nder STELLA Research. In addition to the above you can also:
modify parameters (‘constant’) not included in the input lists
modify the parameter ranges
save output tables as text files for further data handling with other software
create new graphs or tables
print a listing of all program equations
modify the layout of the model
modify equations, add or delete pools and flows, i.e. modify ‘the model itself’.
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If you do any modification, please keep track of changes made for any future report on your
‘modified WaNuLCAS'.

This document deals with the second option that is running WaNuLCAS in Stella Regular/
Research version. A free downloable version of Stella is available at http://www.iseesystems.
com/. All option available except saving a file.

Installing WaNuLCAS

You may copy and decompress the WaNuLCAS model (WaNuLCAS.stm) and the MS Excel file
(Wanulcas.xls) into any directory.
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Starting WaNuLCAS

Initiate Excel. Open Wanulcas.xls. The Wanulcas.xls file contains a number of macros. The
default setting in most MS Windows and MS Excel installations is to not allow such macros and
to not even ask whether the user wants them or not. If your computer security settings don’t
allow any macro to run, you may need to change the security level for macros.

If you are working with MS Excel 2003, to change the security level go to “Tools” and “Macro”
and choose “low”, then close and re-open Wanulcas.xls. It will give a warning that the file
contains a macro. Choose “enable macro”.

If you working with MS Excel 2007, to change the security level for macros, follow the diagram
below. This is to make sure the macro built to ease inputting parameters in the model is working

properly.
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Then run STELLA, it will automatically open a blank working model. Close it then open
WaNUuLCAS.stm from appropriate directory.

If you are working with STELLA 7 or 8, to update the linked input from Wanulcas.xls into
WaNuLCAS.stm, click “Yes” when the question, “This model contain links. Re-establish link?”,
appears on your screen when you open WaNuLCAS.stm. Be sure that you already have EXCEL
running in the background and Wanulcas.xls have already been opened.

STELLA only allows the changes to occur when both Excel and STELLA files are open
simultaneously. Changes made in Excel prior to establishing the link will not change parameter
values in STELLA. To overcome this problem we have built an updating macro in Excel. Run this
macro by pressing Ctrl-U, Ctrl-W, Ctrl-W after you have the link between STELLA and Excel file
establish to make sure all the input parameters value in STELLA model corresponds to the value
in Excel.

If you working with STELLA 9, to update the linked input from Wanulcas.xls into GenRiver.stm
use the “ImportData” option under the “Edit” menu. There are two types of importing data: the
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first one is import data “one time”, meaning the data is imported without establishing a link; the
second is “persistent” data import, meaning the data is imported and a link established.

Most of the contents of Wanulcas.xls are linked to WaNuLCAS model as input parameters.
Linking enable you to change input value in WaNuLCAS by changing associated values in
Wanulcas.xls. The linked values are marked by blue font.

To cross-check whether input parameters were updated both in MS Excel and Stella, open a
table in STELLA, tabulate input parameters and compare them with the MS Excel file.

File name

If you working with STELLA 7 or 8, the active link between the MS Excel file Wanulcas.xls and
the STELLA file WaNuLCAS.stm requires that the filename for the Excel file remains the same.
If you want to differentiate multiple versions of the input parameters, please make separate
copies in different subdirectories (folders), otherwise the links are lost.

If you working with STELLA 9, you can give any name for the Wanulcas.xls.

You are now inside the Main Menu of WaNuLCAS and ready to work! In your screen you will see
something like Figure App2.1.
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olhnrs modules efier &5 gl of culpul.

Figure App2.1. View of WaNuLCAS Main Menu
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To familiarize yourself with WaNuLCAS we suggest you to try the following exercise:

e First, view the model then return to Main Menu

e Second, run the model using default parameters, then look into the simulation result
e Third, check nitrogen, phosphorus, carbon and water input-output summary of model
e Fourth, modify input parameters and try new run

e Fifth, import output resulting from new run

In the following sections you will find description on how to perform each of the suggested
exercise.

To view model

This option will give you a bird’s eye view of model structure: sectors, pools, flows and
influences (see Figure below). Using STELLA Research you can modify the model at this level.

To return to Main Menu you may click on the available button or click on an arrow pointing
upwards in the top left corner.

Figure App2.2. A bird’s eye view of WaNuLCAS
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To run and see simulations results

To run or to see simulation result from Main Menu click on TO RUN AND OUTPUT SECTION
button.

Running WaNuLCAS

On the output screen you will find 5 buttons which control simulation run as listed below.

=T I —

Run To start simulation

Stop To stop simulation

Time Spec To specify length of simulation time

(mm TO INPUT ] RUN & OUTPUT SECTION

MENU SECTION
When do you want to start the STOP SE
simulation?
'RUN | PAUSE | RESUME | SPEC |
Ei]én — e 385000 | [ SimulatonTime | 28 |
v
Ca DOYStart Click on graphs to see results:
—— |
Crops ? Owerall Zone | Zene2 Zon=2 Zons 4 Table | TRoots Cﬁ
To View Water To View C Input
Wat Lim ? Input Output Output
Summary Summary Paim O
AF RunWatLim? B} Vagatative
) Financial &
N Lim ? To View Hlnput] ‘ e — ]
AF RunNutLim[N] Output Summary Balance PalmOil
— Generative
P Lim ? 00— 110 To View P Input
AF RunhutLim?[F] Output Summary

Weeds ?
AF SimulateWesds?) Filter Functions || Soil Balance

Pests 7
’7 Light |
Hydraulic Redst —_—
W Hya?||[12] | 10 |
45

Figure App2.3. View of Output Section




Below the running control buttons, you will see a box displaying time lapsed since start of
simulation (see Figure App2.3).

There are 9 sliders to simplify running different type of simulations. See Appendix 7 on acronyms
to know more of the function of these sliders. The Time Specs screen will appear (Figure App2.4)
allowing you to change beginning and ending period of simulation, also DT which is incremental
time of simulation. We strongly advise you to keep DT value at 1.

RUN SPECS
Lenath of simulation: Unit of time: Fun Mode:
Fom:  [B " Hours {* Nomal
' * Days " Cycledime
T l??ﬂ— " Weeks
) ™ Months Interaction Maode:
oT: [oo " Quarters + Nomal
" Years { Flight Sim
[ DT as fraction ~
Pauze Cther
interval: INF
|ntegration kethod: Sim Speed:
¢ Euler's Method a0 real secs = 1 unit bime
" Runge-Kutta 2
" Runge-Kutta 4 kir run length: 0 zecs

[ Analyze Mode: stores run results in memary { 130.2 MB required )

Cancel | ok |

Figure App2.4. View of Time Specification screen 145

Seeing simulation result

There are two types of output result, (A) Graphs and (B) Tables.
To view a graph/table, click twice on the graph icon. What you will see is actually a stack of
graphs/tables. To view the rest of graphs, click on the folded page at the bottom left corner.

When you look at graphs, notice that the scale on Y axis between parameters on the same graph
can be different. Match the index number of parameters with index number of scales in Y axis.

Listed below is summary of available output on display. More detailed descriptions on output
parameters are listed in Appendix 4 of this document.
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A. Graphs

Overall : Summaries of overall zones and specific output related to Tree

Page 1 Plant biomass, tree biomass presence as total biomass Time series

Page 3 Distribution of cumulative amount of water drained out Time series

Page 6 Cumulative plant water uptake Time series

Page 8-9 Amount of nutrient presence in plant aboveground biomass Time series

Page 11-12 Nutrient available, demanded and taken up by tree per day Time series

Page 16 C and Nutrient in SOM + litter pool Time series

Page 18 Plant biomass, tree biomass presence as leaf and twig biomass Time series

Page 20 Plant (Leaf and Twig) biomass Histogram

Page 22 - 23 Nutrient stock Histogram

Zone 1, Zone 2, Zone 3, and Zone 4 : Each of these graphs contain similar output parameter
related to zone 1, 2, 3and 4

T T

Page 1 Factors limiting crop growth

Page2  Diswbutionofwaterstock
Page 3-4 Distribution of nutrient in soil

‘PageS  Distrbutinof cropwateruptake
Page 6 Distribution of tree water uptake

‘Pege79  Distrbutionof cropnutrientuptake
Page 8,10 Distribution of tree nutrient uptake
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OilPalms: spesific output for oilpalm

o | cowew |

Page 1-3 Fruit biomass

Tree comp: spesific output related to the tree phenology

o | cowen |

Page 1 Tree Leaf Area Index (LAI)

B. Tables

There is only one table containing 2 pages of water balance, plant biomass, water, N and SOM in
soil.

Adding additional output parameters

To add more parameters to your tables or graphs do the following:

e Click twice on your graph/table. After a graph/table appear, click twice again on it. Now,
you will see a box emerge with 2 small boxes in the upper section. The left box contains
parameters that can be loaded into graph/table. The right box contains parameters already
in the graph/table. A graph can contain up to 5 parameters while a table can contain more
than 40 parameters.

e Toload a parameter into the graph/table, highlight the parameter in allowable box then
click an adjacent arrow pointing to the right.

e If you want to load a parameter to a new clean page, prior to the above you need to click
an arrow pointing upward at the bottom left corner pointing (adjacent to Page). Keep on
clicking until you see NEW as page number.

Locking graphs or tables to speed your simulation

You can lock pages in your graphs and tables that you do not need. Locked graphs or tables

will not be updated in the next simulation run. This would save a lot of time needed to run the
model. To lock graph or table click on the lock icon. It is in the bottom left corner of your graph
or on the top right corner of your table.

Printing your output
You can print your output by clicking on printer icon. It is in the bottom left corner of your graph

or on the top right corner of your table. It will ask you to specify which page of your graph or
table you want to print.
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Importing output results

You can save your table as a text file and your graph as a pct file. You can also use copy (Ctrl-C)
and paste (Ctrl-V) your output table. For graphs you can use screen dump (Shift-Print) then
paste to your favourite Microsoft software.

To view input-output summary

To view input-output summary, click on button TO RUN & OUTPUT SECTION in the Main Menu.
There are 7 input-output summary you can see, Water, Nitrogen, Phosphorus, Carbon, Financial
& Economic, Yield, Filter functions, Soil and Light. Choose the relevant one.

This screen gives you summary of input and output in the current system simulated. A list of
parameters acronym found in this section is shown in Appendix 4 under Balance.

To Modify Input Parameters

Click on button ‘TO INPUT SECTION’ from Main Menu. It will lead you to list of input
parameters.

Click again on button associated with specific parameters. Refer to Appendix 7 in Documentation
Manual for more detailed information on input parameters.

INPUT SECTION
Return to DEFAULT values |
-F'“Fwﬂ#|
Parameters

Rainfall | Temperature |

Soil
Structure

oo | (SR
parasitism
Soil Organic Matter & Litter
Quality

Sloping Land

Soll Water & Nutrient |

Figure App2.5. View of input menu

Basically data for WaNuLCAS model are placed in two locations, (1) the upper layer of the model
and (2) Wanulcas.xls. When you click on input parameter button, it will either take to the actual
input parameter location or inform you to enter it through Wanulcas.xls.

From upper layer of model there are basically three types of input device used, (1) list, (2) sliders
and (3) graphical input
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Changing Input Values

To modify input value just write over the current value. It will change if the new input value
is within allowable range. If not, the maximum or minimum in the range will replace the value
specified.

To check allowable value, please refer to Appendix 7 in documentation manual. If you
experience problems, please let us know.

Please refer to STELLA Technical Manual to change input values on specific input device.
Description of Input on Wanulcas.xls

This Excel file is contains data used as input parameters and routines to help users in generating
these input parameters. To be able to open the file you need at least Excel ver. 5.0 (MSOffice
97). The Excel must have Visual Basic Application as add-in working. The descriptions of each
sheet are listed below and see Appendix 3 for more detail explanation.

All the sheets are protected by default in such a way that you will still be able to change input
parameters. You can unprotect the sheets using password wanulcas (all lower case).

All input parameters in Wanulcas.xls are linked to WaNuLCAS model. For these parameters you

should change it directly from the Excel sheet. For more detail description, please see Appendix
3.

READ ME General information

Soil Hydraulic Soil Hydraulic input parameters for each soil layer and zone. Linked to WaNuLCAS

STELLA model
Weather Daily rainfall, daily soil temperature and daily potential evaporation
Crop Parameters/Library Crop specific parameters
Crop Management Planting schedule, fertilization schedule
Pedo SOM Bulk density pedotransfer and Soil Organic Matter pedotransfer

Information to converting calendar days per month into the 'day-of-year' (DOY) or
'Julian days' format used in the stella model

Julian day
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To make Changes in the Model

There are 2 levels of model changes you can do; (1) change a constant parameter into a
dynamic variable and (2) adding additional influencing parameter /factor to existing equations.

Changing a constant into dynamic variable

You can do this by making a constant parameter depends on existing-state variable.For example:
change biomass-to-height conversion factor (Cq_HBiomConv[Cr]) into crop stage (Cq_Stage)
dependent.

Adding influencing factor to existing equations

You can do this by adding additional parameter to existing equations. For example: add effect of
slope as a parameter influencing potential evaporation (Evap_Pot).
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Appendix 3. Description on Excel files accompanying WaNuLCAS model

The WaNuLCAS model is accompanied by 2 excel file; Wanulcas.xls and TreeParameterization.
xls. Wanulcas.xls contains input parameters and routines to generate input parameters. The
input parameters are linked to WaNuLCAS model. See table in Appendix 2, page 143 for short
descriptions of Wanulcas.xls content. TreeParameterization.xls is developed to generate
input parameters for tree. There are several other help files to assist users in generating
input parameters as well as better understand WaNuLCAS model. See our web page for more
information.

Wanulcas.xls

The basic purpose of this Excel file is to ease users in modifying input parameters needed to run
WaNuLCAS model. Input parameters in this file are linked to the model (in the WaNuLCAS.stm
file).

There are two ways to change input parameters in excel, making sure changes also occur inside
the model:
1. Change input values in excel ONLY if you run the model and excel simultaneously with links
established, or
2. Change input values in excel before hand then save the file. When you run the model
and establish links with excel later, make sure you press Ctrl-U, Ctrl-Y or Ctrl W. This is
an updating macro built within this file, that re-activates the links and sends the current
parameter values of the excel file to their counterparts in stella. The macro activated by
Ctrl-U will update crop and tree parameters, the Ctrl-Y will update the soil and Ctrl W will
update climate parameters.
51
Below are comprehensive explanation of each sheet and the relevant WaNuLCAS input
parameters are tabulated. Refer to Appendix 7 for definition of acronyms.

READ ME sheet.

This is the main menu of Wanulcas.xls. It contains general information and button commands to
browse other sheets.

AF System sheet

This sheet stores design of the system simulated includes tree density, tree spacing, tree
position within zone and zone width.
WEATHER sheet

This sheet stores daily data for 3 weather components in WaNuLCAS: Rainfall, Soil Temperature
and Potential Evaporation. Default length of data and links are 1 year (365 days). These data are
linked.
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Rain_Data cells C5 - C369
Temp_DailyPotEvap cells E5 — E369
Pedotransfer sheet

The ‘Pedotransfer’ sheet contains calculation tools to help generating tables of soil hydraulic
parameters. The routine is based from Wosten et al. (1998).

You will need to enter 5 input parameters for basic soil properties in the ‘Input’ section of this
sheet. The pedotransfer function then estimates the parameters of a Van Genuchten equation
and tabulates the relations between soil water content, hydraulic conductivity and pressure
head.

The saturated hydraulic conductivity K_ generated in this equation is used as a default value,
representing a soil with little structure and macroporosity. The model will use the KsatlInit value
that you specify yourself — if it differs from the default value it is possible to simulate a gradual
collapse of soil structure (with a rate governed by S_KStructDecay, set at 0.001); macroporosity
can be re-created by ‘Worm’ activity (see Section 3.3.6).

In WaNuLCAS two definitions of ‘field capacity’ are used to determine the maximum soil water
content one day after a rainfall event:
e Fieldcapl = the soil water content (found in cell 011) at which downward drainage will
become less then a small value K . (set in cell B36 of the input section, e.g.. 0.1 cm d?), and
e Fieldcap2 = the soil water content that is in hydrostatic equilibrium with a water table at
a distance defined from the bottom of layer 4 (default distance is 0). This second value is
calculated inside the STELLA model.

For the actual calculations the highest of these two values for any cell is used. The results
generated by the pedotransfer routine are found in the ‘Output’ section of this sheet. These
generated values are input parameters for WaNuLCAS model.

W_PhiTheta cells N13 — N64

W_PhiP (this is linked to 4 tables in the stella: W_PhiPH, cells R13 — R64
W_PhiPMH, W_PhiPML, W_PhiP)

KsatDflt (default value, endpoint of loss of soil structure) N11

Field Capacityl (conductivity-limited) 011

These input parameters need to be copied to the sheet ‘Soil Hydraulic’ properties. To copy
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the parameters for soil layer i and zone j, fill in i and j in cell N8 and N9 then click on the COPY
button. Along with the above parameters value, input on soil texture and bulk density will be
copied as well as input for Soil Organic Matter module and Soil Erosion module.

You can set up the model with the same properties for all zones and layers by repeating this for
i=1...4 and | = 1...4, modify the properties by layer or use different properties for any of the 16
cells.

Phosphorus sheet

The ‘Phosphorus’ sheet contains a procedure to calculate Ka_P, the apparent P adsorption
constant as a function of the P concentration and P availability indices such as the P_Bray value.
To run this, click on button Psorption isotherm & Soil Database. In this section you need to fill
in the soil type for each layer of your soil in cells M8...M11. We provide default values for 9 soil
types, as listed in U12....U20 If you have your own data, you can fill in parameters of a single or
two-term Langmuir isotherm to describe your soil type. The parameters currently used for each
soil layer are found in cells N8...R11. You also have to specify the bulk density of each layer (it is
possible to use a value here that differs from the one used in the pedotransfer sheet...).

The parameters of the Langmuitr sorption isotherm are used to derive values of Ka_P for each
layer, tabulated in the ‘P Sorption Output’ section of the worksheet These values are linked to
the WaNuLCAS.stm model.

This sheet also includes a section to initialize P in each cell (zone * layer), on the basis of indices
of P availability such as the P_Bray value. To do this, you first have to specify two properties of
the P availability index: the volume ratio of soil to solution used during the extraction, and the
relative sorption affinity in the extraction medium (at the temperature and other conditions
used). For two methods we provide these parameters P-water (compare De Willigen and Van
Noordwijk, 1987) and P-Bray (with a tentative, poorly tested estimate of the relative sorption
affinity of 2% of the original value).

Once the method has been thus defined, click on ‘Initial P Soil’ and fill in the initial P soil
indices for each cell (ADS8...AG11). The values will be converted to amount of soil P in the units
expected in WaNuLCAS.stm in cells (AD14...AG17). These converted values are linked to the
Stella model.

Initial P in soil, N_Initi[P.Zone]; i=1, .., 4 cells AC14 — AF17
Nitrogen

This sheet store initial soil Nitrogen for each soil layer and zone.
Slash&Burn sheet

This sheet holds input parameters related to impacts of slash and burn on soil as a function of

I53
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increased temperature at the soil surface. The values in this sheet is the current default values
in the model, but are not linked to the model. To modify, you will need to copy the modification
you have made in this sheet, to a graph converter inside the model (see from INPUT SECTION
button in the model).

WaNuLCAS input parameters m

S&B_SurfLitBurnFrac cells B12 - B26

S8 NecroBumfrac  celsci-c6
S&B_DeadWoodBurnFrac cells D12 - D26

s&_perosolfrac  celsE-B6
S&B_NvolatFrac cells F12 - F26

s polatfrec  celG-Gs
S&B_SOMBurnFrac cells J12 -J19

S8 fiMortseedBank  cellsKi=k19
S&B_FirlndPMobiliz cellsL12 - 119

CROP MANAGEMENT sheet

This sheet holds a schedule for planting crops (by zone and type) and applying N or P fertilizers.
The current simulation year is defined as YEAR O.

In this sheet you will be able to define the type of crop you plan to use in the simulation. In

cell B2-F2 fill the letter code of crop type associated with the code in the database. It is written
as options on the left hand side or see sheet CROP LIBRARY. The type of crop you choose here
determine the parameter values copied to sheet CROP PARAMETERS and PROFITABILITY, where
the values are linked to model.

You have a maximum of 5 different crop type to grow in one simulation. The letter code you fill

in here will be converted to crop type value of 1 to 5, which you will use as input parameter in
columnD, l,NandS.

WaNuLCAS input parameters m

S&B_SurfLitBurnFrac cells B12 - B26

588 NecroBunfrec  cellsC2-C26
S&B_DeadWoodBurnFrac cells D12 - D26

s&8 Aerosolfrac  celsEl2-E6
S&B_NvolatFrac cells F12 - F26

s&8 PvolatFrec  celsG2-626
S&B_SOMBurnFrac cells J12 -1J19

88 FirMortseedBank  cellskiz-kio
S&B_FirlndPMobiliz cellsL12 - 119
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CROP LIBRARY sheet

This sheet holds a database for crop specific parameters and crop related input-output for the
system simulated. Overall there are 58 input parameters including 5 growth parameters as a
function of crop stage. Some parameters are only required for specific settings in the simulation,
e.g. there are three mutually exclusive ways of determining root length density in each cell in
each time step, as governed by C_RootType.

Currently there are 10 possible type of crops in the database. For 5 of them we have provided
default values, that is for crop Cassava, Maize, Upland Rice, Groundnut and Cowpea. If you
have your own data you can fill your data values under crop type Yoursl, ..., Yours5. For the
whole list of input parameters stored, please refer directly to the excel sheet.

To choose the type of crop you use in simulation fill in relevant cell in sheet CROP
MANAGEMENT.

TREE MANAGEMENT sheet

This sheet holds a schedule for tree planting, pruning and timber harvesting. As in CROP
MANAGEMENT the current simulation year is defined as YEAR 0.

This where you define the type of tree you plan to use in the simulation. In cell E4-G4 fill the
letter code of tree type associated with the code in the database. It is written as options on
the left hand side or see sheet TREE LIBRARY. The type of crop you choose here determine the
parameter values copied to sheet TREE PARAMETERS and PROFITABILITY, where the values are
linked to model.

It is possible to grow 3 different tree type simulteneously.

T_PlantY[Tree] cells C11-C31, E11-E31,G11-G31
TPlanovlmee]  celsDII-DILFII-FLHIL-HBL
T_PrunY cells K11 — K51
Tewepov esioist
T_PrunFracD[Tree] cells M11-M51, 011 -051,Q11-Q51
TPrunarvFracd(Treel  celsNI1-NSLPI1-PSLRII-RS1
T_WoodHarvY[Tree] cells C37 - C57, E37 - E57, G37 — G57
TWoodHanov[Treel | cellsD37-DS7,F37-FS7,HIT-HST
S&B_FirlndPMobiliz cellsL12 - L19

TREE PARAMETERS sheet

This sheet holds tree specific parameters. There are 95 input parameters. As in crop specific
parameters, some inputs are only required if you run certain type of simulations.
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All you need to fill in this sheet is the letter code of tree type (cell E8 - G9) associated with the
code in the database. You have a maximum of 3 different tree type grow simultaneously in one
simulation. The tree type you fill in is link to PROFITABILITY sheet

In the database we have so far provided only 2 default values for the trees Gliricidia sepium and
Peltophorum dasyrrachis. If you have your own data you can fill in this value into the database
(see cell L6). For the whole list of input parameters stored, please refer directly to the excel
sheet.

PROFITABILITY sheet

The sheet contains input needed in the simulated systems and output produced. There are
basically 3 categories of input, for the whole field, trees and crops. Input for the whole field you
will need to fill in this sheet, while for plant input it is filled in database TREE/CROP LIBRARY.
See directly in the excel sheet the whole list of input parameters.

Soil Hydraulic sheet

This sheet contains soil hydraulic input parameters as generated and copied from Pedotransfer
sheet. The cells here are linked to the WaNuLCAS model. There are no user inputs required
here, as all input is generated by the pedotransfer sheet. You can, however, check that the COPY
command has lead to the expected results or not.

Pedo_SOM sheet

This sheet provide users a way to parameterize Soil Organic Matter module. This worksheet,
based largely from pedotransfer equations, can be used to generate Corganic /C.oterence ValUE @nd to
derive S_BDBDRefDecay value. C is a ratio between actual C measured in the

organic / Creference R organic X

field with a reference C, value for forest top soils of the same texture and pH.. This value

can be used as an indicator of how soil organic matter had changed over the years at the current
site. This value is an input parameter to initialize soil organic matter using Methods 2 (see Soil

Organic Matter module).

S_BDBDRefDecay is parameter value indicating the rate of soil bulk density compaction over
time. This changes could be due to management or soil structure degradation. The new sheet
helps to calculate BDBDRef value, that is the ratio between measure soil bulk density with a
reference value of bulk density at the same C, . content. There are two types of reference
values, at agriculture soils and at forest soils (BDBDRefl and BDBDRef2). Using these two ratio
values we can have a first indication on what would be a reasonable value of S_BDBDRefDecay.

Tree parameterization.xls

This file for generate input parameters in tree library in Wanulcas.xls. Below are the detail
explanation for each sheet carried out.

Main sheet, this sheet is the main menu of tree parameterization.xls which is conducted in
to two parts tree survey and FBA model. Tree survey is more for estimate the tree specific



parameter while FBA model for estimate allometric branching for WaNuLCAS. It contains general
information and button commands to browse tree survey and FBA model.

Survey sheet, this sheet contains 39 question that split in to 10 categories, growth stage,
growth, canopy, light capture, rain interception, tree water, N fixation, N and P concentration,
litterfall and litterquality. Users may answer all questions or only some of those related to the
certain category.

WaNULCAS sheet, while user answer the question on sheet survey, the input parameter for
Wanulcas.xls (tree library sheet) will be automatically estimated on this sheet, later user can
copy the result from this sheet to the tree library sheet.

WanFBA sheet, all input that needed to run FBA model are prepared on this sheet based on
the observational data in the field. The input are needed split in to 4 categories, information of
branching pattern, information of tree size, information of woody part and information of final
links.

Input sheet, when user had finished fill in all the information, with ‘Ctrl H* will be automatically
estimated all input that needed to run the FBA model on this sheet, and ‘Ctrl R’ will be
automatically estimated biomass allometric equation for each part (total biomass, wood, leaf
and twig and litterfall). The biomass allometric equation will be automatically copied on sheet
WaNuLCAS.

Sumoutput sheet, the sumoutput shows not only allometric equation but also all the important
information that can be obtained from this program.

Estimate sheet, this sheet contains estimate input for WanFBA input compared to the default 157
value.

Fractal braching analysis.xls is a tool that help user to generate allometric equation of tree
based on non-destructive approach using generic from Y = a D®, Y = tree biomass and D = tree
diameter.

Rainfall simulator is tool to generate daily rainfall simulator based on common ‘Markov chain’
way, which basically consists of two steps: i) simulating rainfall occurrence, i.e. determining
whether or not a day is a rainy day or not, and ii) for rainy days, determine the amount of
rainfall. A number of parameter inputs such as peakiness of the season, number of wet day,
relative wet persistence, weibull value, etc is needed to generate daily rainfall using this tool.
‘Help file rainfall simulator’ is a file that help user to generate those input parameters. Daily or
monthly rainfall data are the basis data to generate those inputs.
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Appendix 5.Deriving uptake equation (P. de Willigen)
According to De Willigen and Van Noordwijk (1987 - Table 9.1, equ. 12.9) uptake rate is given by:

pOp _ (p-lc
2¢n 2G(p) [AL]

Now (l.c. page 125):

111-30° In
G(p)=—{ £+ £ ”}

2| 4 -1 [A2]
As normally p « 1
3 1
G(p)=p’ (-— + —lnpj [A3]
8 2
The parameters p1, ¢2 and 13 are given by:
_ R
Ro
b= D s, _ DOBC 5
URy URy [A4]
. H
I 3
Ry
and the dimensionless concentration by:
.- < [AS]

G

where D is the diffusion coefficient (m2.d?), H is the thickness of the soil layer (m), U is the up-
take rate (g.m?.d"), R  the radius of the root (m) and R, the radius of the soil cylinder surround-
ing the root. The latter is given by:

1
R = \/ﬂ'—LW [A6]

The parameter 4 denotes the buffer power of the soil. Substitution of (A2)-(A6) into (A1) leads to:

U DCH
RZ(—i + lln ) [AT]
1 P 5 P
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The diffusion coefficient is a function of the water content @5, accordirg to:
D= (a0 + qy) © Dy [A8]

where D, is the diffusion coefficient of the nutrient in question in water, whereas the concentra-
tion can be calculated from the amount in the layer N__, (g.m?):

Nﬂm‘k
K. + © [A9]

K, being the adsorption constant. Substitution of (A2)-(A9) into (A1) ultimately yields (A10)
which is the basis for equation (10) in WaNuLCAS.

7Dy (a;® + a()) O H N

S [A10]
(K., + ©) { s + Zln{Ro TLWH

U =

167
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Appendix 6. Trouble-shooting and Tips

As for any complex system, the number of ways in which the model can go wrong is nearly infi-
nite, while there is only one (or a few) ways it can go right., So the odds certainly are against us.
If things go wrong, however, there are a number of ways to identify the source of the errors as a
step towards mending it.

Difficulties in loading the files:

e Links can not be established: check whether you have indeed opened the right XLS file and
have not changed the position of any of the linked parameters by adding or deleting rows or
columns or moving cell contents around,

e Low Memory (‘cannot continue DDE conversation’); it may help to remove all memory de-
manding programs, including net-work links and microsoft office toolbars from the memory;
sometimes it helps to re-boot the computer and start afresh; this type of error message
may occur when you update the links by running the Ctrl+Y, Ctrl+W or Ctrl+U macro in the
excel; if the problem persists you’ll have to get more RAM on your computer (32 MB is a
bare minimum); you can also make runs in the Stella model without opening the excel +
links, or close the excel file after updating parameter values, to increase the memory alloca-
tion for the Stella model.

e Running speed can be increased by locking graphs/tables that you’re not currently inter-
ested in.

e Links are not working; Wanulcas.xls is developed using MS Excel with English language as
the settings. If you use MS Excel with settings on other languages the link will not work.
This is because the links will use different language term. As an example: in English lan-
guage setting, position of a cell is referred to as R (Row) and C (Column)olumn. In Portu-
guesse, it is referred to as L (Lina) and C (Colom). Similarly, in French it refer to as L and C.

If you are working using STELLA version 6 or above, you can modify the links directly within
the model (WaNuLCAS.stm) using Link Editor option. If you are working with Stella version
5, you will need to update the links again.

Error message at start or during RUN

It is possible that when you press RUN you get an error message, in stead of output. The mes-
sage will indicate a parameter name and the error usually consists of division by zero. We have
tried to protect all equations from such an event, but if necessary you can add an ‘If ¥** <> 0
then ‘...existing equation...” else 0’ statement to the equation involved, with the *** replaced by
any divisor in the equation.

The current value of all parameters and variables at the time of the crash can be viewed by
inserting a numeric display output as a step towards identifying what goes wrong. Below is an
example.
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If the RUN actually starts, a Table can be used to view more then one parameter at a time, and

check its changes with time.
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:

A second class of error is that trees or crops do not grow as expected, or trees or crops do not

grow at all

A second class of error is that trees or crops do not grow as expected, or other events do not
happen as you though you asked for in the calendar. In such case you can add a new table to the
output screen and check where the error originates by tabulating output values related to the
event. For trees and crops it is helpful to tabulate the growth stage as well as components of the
biomass, to check whether the error is in the plants not getting started at all, or not making bio-
mass. It may be necessary to tabulate input values and compare with the values you intended.

Sometimes the x-axis for tabulated input parameters, such as the strings of crop or tree param-
eter, gets changed and all parameter values are shifted by one or more positions, leading to non-
sensical results; if this happens open the graph and re-adjust the number of points.

You can try the ‘return to default” button on the ‘input’ screen to restore (unintentional) modifi-
cations of parameter settings that may be responsible for unexpected run results; if you want to
modify the ‘default’ values to which you return with this button, you have to modify the values
in the dialogue boxes on the ‘second level’ (the modeling layer))

Ig
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Appendix

Appendix 8. Statistical criteria for model evaluation result according to Loague
and Green (1991)

Maximum error ME >
Max| P-0, |l_

>0 1

Coefficient of deter- CD n

mination Z(Oi— Omean)2

Coefficient of CRM n n <1 0

residual mass ZOi _ z P

P. = predicted values, O, = observed values, n = number of samples and O__. is the mean of the observed data.
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Appendix 10. Rainfall simulator within WaNuLCAS 4.0

WaNuLCAS, like many other hydrological and ecological models, needs daily rainfall data as
input. Such a dataset is however not always readily available or reliable because, for example
due to high cost of buying the daily data from a professional weather record institution,
equipment failure or human error in reading the daily rainfall amount from installed equipment
in the field or rainfall records that tend to accumulate rainfall over several days so wet and

dry days tend to be clumped together. Some research also needs an extrapolation of rainfall
events, e.g. for simulations of hydrological process over one or more 30 years climate scenario
windows into the future for specified global circulation models and climate change scenarios..
An appropriate method to generate daily rainfall data is thus necessary. The common (‘Markov
chain’) way to generate daily rainfall basically consists of two steps: i) simulating rainfall
occurrence, i.e. determining whether or not a day is a rainy day or not, and ii) for rainy days,
determine the amount of rainfall.

Determining whether or not a day is a rainy day

Rainfall occurrence is usually simulated by one of two types of Markov chain model. One is a
two-state (wet, dry) Markov chain where the order (first, second or third) indicates the number
of preceding days that influences the probability that the next day is a rainy day or not. Another
is a multi-state first-order Markov chain. The commonest is the two-state first-order Markov
chain describing probability for four rainfall occurrences: probability that today and previous day
are wet P(W|W), probability that today is wet and the previous day was dry P(W|D), probability
that today is dry and the previous day was wet P(D| W), and probability that both today and
previous day are dry P(D|D). Usually the definition for a wet day is that the rainfall amount
exceeded 1 mm.

If a month consists of n days then there will be n-1 consecutive days in that month. Among
n-1 pairs, some are W|W, W|D, D|W, and/or D|D. Suppose that Ny describes the number of
consecutive day where the current day is wet while the previous day was dry, then:

Nw|d

i P(W|D) = —x4
Estimate of P(W|D) S [A11]
The same principle applies for calculating P(W | W), P(D|W), and P(D|D), and:
nw|w + nw|d + I']d|w + r.]d\d = n-l
P(W|W)+P(D|W)=1
P(W|D) +P(D|D)=1
P(W|W)>P(W|D)

Now supposed that the first day in a generated sequence is dry, then we would predict that

the next day is dry if 0<r<P(D|D) and wet if P(D|D)<r<1 where r is a generated random number
between 0 and 1. If the first day is wet then the next day is dry if O<r<P(D|W) and it is wet if
P(D|W)<r<1. The two-state first—order Markov chain can be expanded, e.g. up to the second or
third-order to determine a rainy day. In that case, a larger transition matrix has to be produced.
In the two states second-order Markov chain, there will be 22x2 rainfall occurrence probabilities,



in the third-order 23x2. For these higher orders of Markov chain, the same principle applies to
determine whether a day is a rainy day or not, e.g. if it happened that three consecutive days
were dry, then the next day is dry if 0<r<P(D|DDD) and wet when P(D|DDD)<r<1.

For the first-order Markov chain, there is a relation between P(W|D) and f which is the average
fraction of days that are wet in a month or in other words, the overall probability of a day being
rainy (Geng et al., 1986):

P(W|D) = bf [A12]

They found empirically that the constant b has a value of around 0.75. f must equal the sum of
the products of the two conditional probabilities and the probability of either a dry or wet day:

f=bfA—=f)+PW|W)f [A13]
Thus, the relation between P(W|W) and f is:

PW|W)=1—-b+bf [A14]
This means that regardless the value of f, P(W|W) is always 1-b greater than P(W|D).

Remarks:

In case we only have data of the fraction of wet days in a month (i.e. f value), P(W|W) and
P(W|D) can be calculated by assuming b equals 0.75 which seems to be a common value for
many tested areas. If variation in rainfall occurrence is high between months, the calculation of
rainfall occurrence probabilities can be done for each month.

In a multi-state Markov chain model, daily rainfall is divided into a number of states. For
example, Boughton (1999) defined state 1=no rainfall, 2=0<rain<0.9 mm, 3=0.9<rain<2.9 mm,
and so on up to state 6=14.9 mm<rain with no upper limit. A transition matrix will describe the
probability for rain in one state to be followed by rain on the next day in the same or another
state.

The most common approach for describing the distribution of rainfall amounts on days with

rain is to ignore the serial autocorrelation and consider that rainfall amounts are serially
independent and to fit some theoretical distributions to the precipitation amount (Duan et

al, 1995). This means we assume that precipitation amounts on subsequent rainy days are
independent but that the probability of it being a rainy day may depend on the state of the
previous day(s). If a day is wet then we need the second step, i.e. to estimate the rainfall amount
in that day. There are many different probability distribution functions that can be used for this
purpose and they are classified into single-parameter models and multi-parameter models.
Some single-parameter models have been derived by calibrating multi-parameter models.

2143
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Single-parameter models

The exponential distribution is probably the most widely used single-parameter model of daily
rainfall for its simplicity and relatively good fit (e.g. Richardson, 1981). Its cumulative distribution
function is as follow where x is the daily precipitation, A=E(x) is expectation of daily precipitation
in a month obtained by dividing the monthly rainfall by number of wet days, and F(x) is the
probability of events with rainfall amount less than x:

Fx)=1—e7 [AL5]

Pickering et al. (1988) calibrated the three-parameter beta-P distribution model to yield a single-
parameter model as follow:

F)=1-(1+)7 [A16]

A member of Weibull family of distribution can also be a single-parameter model (Rodiguez,

1977), with c as a dimensionless parameter with a value usually around 0.75 or 0.5 (Selker and
Haith, 1990) and I' is the complete (two-parameter) Gamma function:

F(x) =1—exp{— [F (1 + %) ﬂc} [A17]

If the threshold for a wet day is 1 mm, then equation 7 needs to be modified to (Scotter et al.,
2000):

_a _ 1\ x-D]°
F =1-exp (=[r (1+2) 5] [A18]
It can be shown that a smaller value of c will generate more extreme rainfall events. The most
important however is to correctly describe the probability of high daily rainfall events (e.g.

rainfall > 20 mm). Solving equation 8 for x gives:

=22 =@ = P + 1
[F(Hz)][ ni =Rk [A19]

Multi-parameter models

This model type is generally considered to describe the distribution of precipitation amounts
better than the single-parameter models because of greater flexibility obtained with the larger
number of parameters. The 2-parameter Gamma, 3-parameter Gamma, and 3-parameter
mixed exponential have been used. Richardson (1982) stated that unless the mixed exponential
distribution has a clear advantage over the 2-parameter Gamma distribution, the gamma
distribution is an appropriate choice of models for most applications. The general form of
2-parameter Gamma probability function is as follow:

=X
X1, B

~ Ber@

f(x) [A20]



And the cumulative distribution function is:

() [A21]

Where y(a, x/B) is the lower incomplete Gamma function. There are two ways for estimating o
and B which are constant in the Gamma distribution function. The simplest but good one uses
moment estimators (Devore, 1987):

E(x) = ap [A22]
Var(x) = af? [A23]

To estimate rainfall amount in a wet day, we again have to generate a random number between
0 and 1 and put this value equals to F (i.e. the cumulative distribution function). Equation 5 will
give a value for x, i.e. the rainfall of the day according to an exponential distribution, equation
6 according to beta-P distribution, equation 9 with Weibull-type distribution, and equation 11
according to 2-parameter Gamma distribution. For equation 9, MS Excel has a GAMMALN(x)
function to return a value of natural logarithm of Gamma function I'(x). For equation 11,

the function GAMMAINYV (F,a.,B) in MS Excel can return the inverse of Gamma cumulative
distribution.

P15
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Appendix 11. Water uptake module in WaNuLCAS

Water transport from soil to leaf has to overcome resistances along the pathway (Smith et al.,
2004). Uptake of water is compatible with the physical reality of driving forces (gradients in
water potential) and resistances in the path: bulk soil — rhizosphere — root — leaf — atmosphere
(De Willigen et al., 2000). When plants open the stomata, a negative water potential in the
leaves can generate flow of water towards the leaves from all layers of soil where the plant has
roots and where the water potential in the soil is less negative than that in the plant. Water
transport can be modeled as an Ohm’s law analogue and requires the calculation of gradients
in water potential and conductivity (the inverse of resistance) on different sections along the
pathway. The water uptake module only pertains to a part of the path, i.e. the transport of water
from bulk soil to stem base. Below is a description of modeling water uptake in the WaNuLCAS
model.

l. Plant level
The calculation of water potential and transport is done at voxel and plant level. Voxel-level
calculation involves roots and water inside the voxels only, whereas plant-level calculation
integrates uptake and transport over rooted voxels.
1. Soil water potential perceived by plant (\P*?, cm)

Ja

d
%k

2 Lrvi™vi

Z,- Lrvi*vi*|‘lfi

LIJSP =" |_ d
[A24]

Where:

Lrv, = root length density in voxel i (cm cm)

v, = voxel volume (cm?)

. = soil water potential in voxel i (cm)

d = indicates the relative influence of dry voxels (‘drought signal’) on the calculation of P*P.
When d=1, we use a harmonic average (dimensionless). The lower the value of d the more
negative W* and the lower the transpiration demand due to the closure of stomata.

P should be between the W of driest and wettest soil. The resulting unit =cm cm2* cm?®/ (cm
cm3*cm® * cm-1) = cm

2. Rhizosphere potential (¥™?, cm)

W= (1+b) [A25]

Where:
b = buffer potential: potential drop needed for water to move from bulk soil to the root surface
(in the rhizosphere), here expressed as a fraction of W (%)
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3. Potential gradient for uptake (radial transport into roots) (P, cm)

radp: —Epm*().l

b -
K"“*Lra [A26]

Where:

EPot = potential transpiration demand (liter m? or mm). In the WaNuLCAS model (Van Noordwijk
et al., 2004), EPtis calculated as light intercepted by plant * dry matter production per unit light
interception * water use efficiency (or water use per unit dry matter production). EP°tis an input
value of the water uptake module.

K2 = radial conductivity: the inverse of resistance involved in radial movement of water from
the root surface to xylem per unit gradient in water potential and per unit path-length (cm?
cmt cm?

gradient of water potential roollength) .
Lra = total root length per unit soil surface area (cm cm?)

water

The resulting unit=mm * 0.1/ (cm®cm?*cm? * cm cm?) = cm
4. Potential gradient for longitudinal transport in roots (¥'°"%, cm)

Pol Z[Li * LI”V, * Vl' % Rlongsap
2. Lrv*v, [A27]

\Illongp: -E

Where:
L, = distance from voxel midpoint to soil surface (stem base) (m)
RIongsap = longitudinal resistance factor for root sap (root to stem base): gradient in water

potential per unit water demand per unit path-length (cm mum-Lwater demand -1

gradient of water potential soil)

The resulting unit=mm * (m *cmcm®*cm®/cm ecm™® * cm®) * cm mm* m* = cm

5. Initial estimate of required plant water potential (¥, cm) to meet the potential
transpiration demand

reqp rhizp radp longp SP s radp longp
Y =¥ +¥ +¥ =¥ *d+hH+Y T+ [A28]
It can be noted that, only ¥™% and W' are a function of Epot. ¥™# is independent on
transpiration demand. On the other hand, the former two are not dependent on soil water

condition.

Il. Plant level (reduced transpiration demand)

The actual transpiration is assumed to be a function of the potential transpiration demand (that
depends on ‘external’ environmental factors only) and the plant water potential.
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6. Campbell reduction factor for transpiration (f, dimensionless) is calculated from a sigmoid-

type function.
[
14| Lre
Yo.s [A29]

2*1n(“ j
|

a= transp
hl glzfmp
Yo [A30]
Where:

¥, = plant water potential where transpiration is half of its potential value (cm)
a = Campbell factor (dimensionless)

o = a small value (dimensionless, default is 0.1)

pree = plant water potential when fis at (1 - ) (cm)

puee = plant water potential when fis at a (cm)

Because: |
l-a= -
218 transp
1 + max
Yo [A31]
And:
1
a =
ransp
1+ Frnin
WYos [A32]
Then:

—_ Iranspsnystransp
Wos5= \/ Winax " Vmin [A33]



7. Reduced plant transpiration demand and water potential

Ered:Epot*f

[A34]

LI’redreqp _ L:[Jrhizp n (qu‘adp+ L:[Jlangp)* f [A35]

Recalling that only P and W' are a function of EP®, ¥ js independent on transpiration
demand.

Water uptake by the root system is ‘scaled-up’ from the calculation of water uptake for a single
root. This has been described in e.g. De Willigen et al. (2000), De Willigen and Van Noordwijk
(1987, 1995), Heinen (2001), and Personne et al. (2003).

8. Voxel rhizosphere water potential (Y™ cm)

L:[Ifhiz _ \Predreqp_ L[ % f % L:[Ilongp
2 L*Lrv*v,

2 Lrv*v,

[A36]
The resulting unit=cm —(m * m?) * cm =cm

In other words, the plant water potential at stem base applies for L = 0. The equation shows
that ‘P”“Zi reflects the potential needed for water transport from the soil towards root surface
and that required for water to flow to root xylem.

9. Potential water transport, (T**, mm)

This should be understood as flow of water from the bulk of soil towards root surfaces. For

this, we need information of pressure head difference, water conductivity across the bulk soil
(i.e. strongly dependent on soil characteristic) and path length. The flow equations for soil
water transport are however highly non-linear (De Willigen et al., 2000) due to the non-linear
relationship between water content and potential, and conductivity is decreasing strongly with
decreasing pressure head. Consider the following figure that illustrates ‘space grids’ for soil-root
radial transfer within soil cylinder:

249
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Roots are assumed to be vertically oriented and regularly distributed in the voxel. Root is
regarded to be a cylinder shape situated within soil cylinder. The bulk soil of the voxel is then
divided into uniform (i.e. the same size) vertical soil cylinders with single root inside each of
them. Water transport for single root only occurs between the inner boundary (root surface)
and the outer boundary (i.e. soil cylinder). RO is the root radius (cm) and R1 is the radius of soil
cylinder (cm) that depends on root length density in the voxel:

1

Rl =———
VT * Ly [A37]

Water potential at the root surface (root-soil contact) is the voxel rhizosphere water potential
(‘V,...), at the bulk soil (i.e. at the outer boundary) is the soil water potential (‘V'_,). Soil is usually
drying closer to the root surface. Therefore, ¥_, and conductivity should be calculated for

each ‘space grid’ (where linearity could be assumed) along bulk soil-root path. Because root is
vertically oriented within soil cylinder, only radial water transport to root surface is taken into
account. For horizontal transport, the non-linearity of the flux can be removed by introducing
the matric flux potential (De Willigen et al., 2000):

h
@:jK*&
hrf/ [A38]

Where @ is the matric flux potential (cm* day™), h , is a reference value of the pressure head
(cm), and K is water conductivity (cm day?). For the water flux from soil towards the root surface

(i.e. for condition that ¥ __ <¥_, for the transport to occur):

soil hwd root -
AD= [K*dh= [K*dh— [K*dh=D""-D""
W K W [A39]

In the WaNuLCAS model, for a discretisation of the integral, h ; is obtained at pF = 6 and the
‘space grids’ pertain to 0.1 intervals of pF down to pF*°' and pFr°t:



pF

h(pF)=-10 [A40]
-1 2
-1
1+‘alpha*h ‘n " —|alpha*h !
K(h) - Ksat* l—l)*(ﬂ+2)
A\
1+‘alpha*h |
[A41]
soil j:me/
D, = Z[({f(h(j)) + K (h(j+0.1)]*0.5% (h(j) = h(j +0.1))
J=pF [A42]
root j:pF"f
D= DUKGG) + KA +0.0)]*0.5%(h(j) —h(j +0.1))
Jj=pF" [A43]

Where alpha, K_, A, n are Van Genuchten parameters. A® reflects water flow per unit area of
root surface. ‘Scaling up’ to a root system requires information of RO and R1 to consider the
circumference of root and soil bulk cylinder, and of root length density. The steady rate solution
to the flow problem (i.e. the same flux rate to root surface regardless of the depth of the root
segment in the voxel) and assuming that all roots have a good contact with soil, is assumed to
be the potential water transport from soil to roots in the voxel (mm day?) (Heinen, 2001; De
Willigen and Van Noordwijk, 1995):

7* Az, * Lrv, *(CDf()il—q)?Ut)*[,Ol-z _1}103 [A44]
G.(p)

1[1-3p  p'in(p)
GO(/OJ:E 4'0 + £ [A45]

pot
T =

" RO [A46]
Where Az is the voxel thickness (m). It can be noted that A® should be multiplied by total root
length (i.e. Lrv * voxel volume) to get the volume of water flow (cm?). Division by voxel surface
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area results length of water and thus only the voxel thickness is included in the equation. Now
suppose we have two types of plant (model extension into several plants is surely possible):
weak (i.e. with less negative plant water potential) and strong plant, and assume @' > @weak >
@on9, Water flux for weak and strong plant (say ‘common range’) is @' - @3 and exclusively
for strong plant (‘exclusive range’) is ®“e3 - @9, The potential water transport of weak and
strong plant in the voxel is calculated as follow:

For weak plant:

weak soil weak. 2 3
”*AZi*LI"Vi *((I)z _q)i )* ?Om -1 *10
Tpotweak pl

G,(p, ) [A47]

1

com B Rl:}ﬂm
P RO. [A48]

com 1

Rli - % weak strong,

7 L L™ [ado)
2

Lrvlweak* /DOweak +Lrvftrong>x< DOSlrong

DO, = waeak + Lrvstrong

g ! [A50]
_ DO,
RO, = 2 [A51]

For strong plant in the common range:

N

tron soil weak: 2 3
H*AZI'*LI”V; g*(q)i _q)i )* (pCOI’)’l) -1 *10
Tpotstrong_ l

G,(p, ) [A52]

And for strong plant in the exclusive range:

weak 2

- (o) 1110
GO(P: ) [A53]

s

E*AZI'*LVVI‘

Tpotstrong
; =



«_R1
P RO, [A54]

ex 1
Rli o \/ % strong
7* Lry, [A55]

(As said before, the described modeling of potential transport is actually limited to the case
where roots are regularly distributed and vertically oriented with a complete root-soil contact.
For the time being, it also approximates potential transport in a more complex situation, i.e.
non-regularly distributed and parallel roots or non-regularly distributed and non-parallel roots
either with complete or non-complete root-soil contact whilst maintaining model simplicity (Van
Noordwijk, personal communication). However, complete soil-root contact along the whole
length of a root may be the exception rather than the rule (De Willigen and Van Noordwijk,
1987). Due to the assumptions, water transport potential is usually non-limiting (see below) for
the actual water uptake).

10. Available water for uptake (0, mm)

Available water in the common and exclusive range respectively are:

0" -0,y Az 10 1As6]
0" =0, -0"") Az 10 o

P23

Following Van Genuchten:

sat residual
» 0"-6~") o
0;()1 — i 1_/ +97’€3l ua
n;

1+|alpha "

[A58]

Where W*! is replaced by ¥ and \P*t"" to calculate 0¥ and 0" respectively. In the
common range, water is shared between the weak and strong plant proportional to their root
length density. Next is the calculation for weak plant with the same principle applies for strong
plant:

weak
comweak L’ Vi % com
0 strong 01

weak

i LW P T L i | [A59]
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11. Adjusted water transport potential (T*#°", mm)

Water uptake is limited either by transport or water available for uptake. The minimum of the
two say ‘adjusted water transport potential’ is then (calculated for the weak and strong plant in
the common range, and for strong plant in the exclusive range):

adjpot: . (Y_Vp()t )
T =min{T".0, [A60]

12. Actual water uptake, (S, mm)

(The following calculation applies for the weak and strong plant)

i 2T""<E

red

then Si = de‘ipot else
[A61]

djpot
Tj red
S[ = adjpot * E
2T [62]
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