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Abstract 

The Generic Plant Simulator (GePSi) is a physiologically-based model that combines modules for canopy, root 
environment, water relations, and potential growth to generate whole-plant carbon, nitrogen, and water balances. The 
version presented here is coded in the object-oriented programming (OOP) language, C+ +, to enhance the 
implementation of modularity. In the aboveground aerial environment, the Weather module defines the weather 
conditions above a canopy, and MicroWeather defines the vertical profiles of micro-meteorological variables in a 
canopy. The belowground soil environment contains the SoilProperty modules, which define vertical profiles of 
physical and chemical variables in a soil column. The 'part-of' hierarchy in GePSi follows the structure of a real plant: 
the Plant module calls canopy and root system modules; the Canopy module, in turn, calls leaf, stem and fruit 
modules; and the RootSystem module calls coarse and fine root modules, etc. Our long-term goal is for GePSi to 
serve as a template for building a plant growth simulator by simply selecting appropriate modules for the question 
being asked. We are building a suite of plant modules (and their interfaces) based on general principles that are 
fundamentally similar for different kinds of plants. This includes photosynthesis, growth, nutrient and carbon 
allocation, water uptake, etc. These modules can be parameterized for specific species, related groups of species, 
life-forms, or broader groups depending on how variable the processes are across the groupings and the amount of 
unexplained variability that is acceptable for the question being investigated. Our modular-based approach has 
numerous advantages, including improving the understanding of the model, reducing duplication of effort, and 
facilitating the adaptation of the model for different sites and ecosystems. © 1997 Elsevier Science B.V. All rights 
reserved 
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I.  Introduction 

Plant growth and development has been mod- 
eled for more than three decades, resulting in a 

* Corresponding author. 

wide diversity of models and modeling ap- 
proaches (see reviews by Kirschbaum et al., 1994; 
Leenhardt et al., 1995; Perrin and Sibly, 1993; 
Reynolds et al., 1996; Schuepp, 1993; Whisler et 
al., 1986; Yan and Wallace, 1996). While models 
have been developed for many types of species-- 

0304-3800/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved 
PIt S0304-3800(96)01928-X 



54 J.-L. Chen, J.F. Reynoldr / Ecological Modelling 94 (1997) 53 66 

ranging from annual crops to long-lived trees and 
have included many unique characteristics, e.g. 
the ability to fix nitrogen, drought deciduousness, 
C4 photosynthetic pathway, e tc-- the  overall sim- 
ilarity in the structure of these plant growth mod- 
els is striking (Reynolds and Acock, 1985; 
Reynolds et al., 1986). This motivated us to pro- 
pose the need for, and advantages of, a generic 
structure for plant growth models (Acock and 
Reynolds, 1989, 1990; Reynolds and Acock, 1985; 
Reynolds et ai., 1989, 1993). 

In this paper we report on our efforts to de- 
velop a generic, plant simulator (GePSi). GePSi is 
a physiologically-based model initially pro- 
grammed in the Advanced Continuous Simulation 
Language (ACSL, 1987) to simulate the photo- 
synthesis and growth of shrubs and trees 
(Reynolds and Cunningham, 1981; Reynolds et 
ai., 1980). The version presented here is coded in 
the object-oriented programming (OOP) lan- 
guage, C + + (Symantec, 1995), in order to facili- 
tate the implementation of modularity. A number 
of researchers have recently adopted the OOP 
approach for modeling ecological processes (e.g. 
Baveco and Lingman, 1992; Ferreira, 1995; 
Larkin et al., 1988; Laval, 1995: Sekine et al., 
1991) and for plant growth modeling (e.g. Kol- 
strom, 1991; Sequeira et al., 1990, 1991, 1993; 
V/iis/inen et al., 1994; Van Evert and Campbell, 
1994). Our primary motivation for using the 
OOPs paradigm is to establish a framework that 
will: (i) make it easier to maintain the model from 
year to year as various researchers contribute to 
its development; (ii) confine errors to individual 
modules in order to reduce programming efforts; 
(iii) allow easy replacement or exchange of pro- 
cess modules developed in our lab and elsewhere 
and (iv) facilitate the adaptation of the model to a 
variety of plants and ecosystem types. The last 
objective is related to our efforts to develop mod- 
els to predict the effects of elevated CO 2 and 
climate change on plants and ecosystems (see Luo 
and Reynolds, 1997; Reynolds et al., 1992, 1996). 
A secondary objective is to contribute to current 
efforts to establish a generic, modular, structural 
design for plant growth models (see Reynolds and 
Acock, 1997). 

The structure we present here is a result of 
much trial and error and will continue to evolve. 

2. Class structure 

The model consists of three sections: CON- 
TROL, MODEL and SHOW (Fig. 1). CON- 
TROL and SHOW consist of C +  + class libraries 
(version 6.0, Symantec, 1995) that are machine 
specific whereas MODEL is portable to any oper- 
ating system running C +  +.  CONTROL allows 
the user to set the length of time to be simulated, 
to change parameter values, to set initial condi- 
tions, etc. SHOW displays results, e.g. by plotting 
graphs, writing output files, etc. 

MODEL consists of three parts: ABIOTIC, 
BIOTIC, and TIMER. These parts and the classes 
they contain are illustrated in Fig. l, which shows 
how the classes are related in a 'par t-of  hierarchy 

I CONTROL IM~'"M"age'l [Oi"l°gM"""g~'J I 
MODEL 
ABIO TIC 

Tet~ture,  
~ Wlnd, elc 

L RB<~allon, 
C02, Wmd, 
Temperature. 
Hurnlclity, etc. 

Water 
Nutt~ls 
Cutting, elc. 

SHOW 

TIMER [TimeCourse ) 
BIOTIC 

Plant 
Canopy 
~ Leaf 

I  R°° S  tem II 
Document Manager I I wind°w Manager I 

Fig. 1. GePSi is composed of three parts: CONTROL, 
MODEL, and SHOW. Menu Manager, Dialog Manager, 
Document Manager, and Window Manager are C+ + class 
libraries that provide interfacing between MODEL and the 
user (in CONTROL) and display and output options (in 
SHOW). Classes are related in a part-of hierarchy, i.e. Canopy 
is a part-of Plant, etc. Not all classes shown. 
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Fig. 2. Class hierarchy (i.e. the kind-of hierarchy) in GePSi. 
Illustrates inheritance relationships between classes. Not all 
classes shown. 

(OOP terms defined in Acock and Reynolds, 
1997). This also serves as the calling structure in 
GePSi, i.e. Plant calls Canopy, which calls Leaf, 
etc. ABIOTIC contains classes that determine 
driving variables for both the above- and below- 
ground environment. The aboveground aerial en- 
vironment contains two classes, Weather 
(conditions above a canopy) and MicroWeather 
(vertical profiles of  micro-meteorological variables 
within a canopy). The belowground environment 
contains one class, SoilProperty - -  which has 
three subclasses: SoilHeat, SoilWater and SoilNi- 
trogen to compute profiles of physical and chemi- 
cal variables in a soil column. BIOTIC contains 
the classes that define plant growth. Whereas 
many models lump canopy processes (e.g. Nor- 
man, 1982) and micrometeorological processes 
(e.g. Goudriaan, 1977), we found that keeping 
them separate simplified the implementation of 
modularity in GePSi. 

At execution time, the classes in GePSi are used 
to create (instantiate) objects to simulate plant 
growth. For example, we can create multiple plant 
objects from Plant if we are interested in simulat- 

ing competition between individuals. Once a Plant 
object is created, it creates Canopy and RootSys- 
tem objects. The Canopy object, in turn, creates 
Leaf, Stem, and Fruit objects and the RootSystem 
object creates a Root object, which creates 
CoarseRoot and FineRoot objects, etc. Of course, 
the number of objects of Leaf. Stem, Fruit and 
Root may change during growth; when the 
Canopy and RootSystem objects update them- 
selves, they may create new objects or destroy old 
ones. This is a relatively simple task in OOP. 

Because of the calling structurc, the use of the 
class Plant obligates the execution of all classes in 
the BIOTIC part of the model (Fig. 1). Weather 
can be used as a stand-alone model to analyze 
annual, daily and diurnal patterns of the weather 
generated from theoretical and empirical formu- 
las. Other classes can be combined in various 
ways to address specific problems. For example, 
MicroWeather incorporates the full version of 
Norman (1982, 1993) model of radiation transfer 
and, when combined with Canopy, can be used by 
micrometeoroiogists to analyze profiles of radia- 
tion, temperature, wind speed, etc. in plant 
canopies without considering other plant pro- 
cesses. The class Canopy, of course, obligates the 
execution of classes Leaf, Stem and Fruit (Fig. 1). 

C L A S S  

\ ~ 1  Public Data INN 
Private 
Data 

T 
I Pr'vate I Methods 

Public Interface Methods 4_ ~_ lnitializati°n0 YearlyUpdate0 DailyUpdate0 HoudyUpdate0 Subhou rlyUpdate 0 

Fig. 3. Each class (object) has instance variables (i.e., data) 
and methods (i.e. operations) that are either public or private. 
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DrawPIot0, 
other C++ 
libraries 
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i 
lnitWeather()--send message:/Weather() 
InitMicroWeather 0 
InitPlant0 _ _  send message:/P/antO 
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UpdateMicroWeather 0 
UpdateSoil0 
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UpdateSoilSurface0 
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dateManagementO 
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1,UpdateSoilSurface 0 
JtUpdateSoilHeat0 
~tUpdateSoilWater 0 
~UpdatePlant0 send message: SubhouriyUpdateP/antO 

Fig. 4. Class TimeCourse, showing two types of public interface methods: initialization and update. 

SoiiHeat, SoilWater, and SoilNitrogen are based 
on partial differential equations for heat, water 
and nutrient movement in soils, respectively, and 
can be used to analyze soil data. Similarly, Leaf 
can be used by plant physiologists to examine leaf 
photosynthesis, stomatai conductance, and tran- 
spiration without referring to other classes in 
GePSi. 

TIMER controls all of the time loops in 
MODEL. The class TimeCourse contains a 
method that explicitly defines a procedure to sim- 
ulate the growth of a plant (described below). 
This introduction of procedure is at variance with 
the paradigm for object-oriented design (OOD) 
(see discussion in Acock and Reddy, 1997). 

3. Class hierarchy 

The class hierarchy (i.e. 'kind-off hierarchy) for 
GePSi in Fig. 2 shows the inheritance relation- 
ships between classes (akin to a family tree). It is 
distinct from the calling structure (the 'part-off 
hierarchy) shown in Fig. 1. In OOP, each class 
can inherit methods (i.e. operations) and at- 
tributes (i.e. data) from its superclass. Inheritance 
is one of the essential features of OOP: the ability 
to design a class with general features and derive 
specific cases from it. For instance, the class Or- 
gan (Fig. 2) contains shared characteristics of 
leaves, stems, fruits, and roots. By making the 
Leaf class a subclass of Organ, Leaf inherits those 
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From TimeCourse 
InitPlant 0 - create object PlantO 
and initialize all variables 

DailyUpdatePlantO - \ 
IP')ant/~, , w message is sent each day 

• . o , o  me age: senO ma aoo: ) 

DailyUpdateLeafO DailyUpdateFineRootO 

4 send message: 

DailyUpdateStemO 

= Objects 
"%* i " ' r  ] 

DailyUpdateFruitO 

Fig. 5. Sequence of events in creation of objects, initialization, and updating for the plant object, PlantO. 

shared characteristics. To complete the Leaf class, 
it is then only necessary to add those features that 
make leaves distinct from stems, fruits, and roots. 
This inheritance feature of OOP greatly facilitates 
the development of a truly generic model. 

The class GObject (Fig. 2) is an abstract class 
derived from the root (i.e. the most basic) class of 
the C + +  package (CObject in SYMANTEC 
C + + ,  and TObject in BORLAND C +  +).  All 
other classes in Fig. 2 are descendants of GObject 
and inherit all methods and attributes. This class 
provides the methods for the creation and de- 
struction of objects, and is introduced to improve 
the portability of GePSi between different ver- 
sions of  the C +  + language. The second hierar- 
chical level includes classes such as Weather, 
Plant, Canopy, Organ, RootSystem, and Soil 

(Fig. 2). Leaf, Stem, Fruit, and Root are sub- 
classes of Organ, at the third hierarchical level. 

4. Interface methods 

Each class in MODEL has attributes and meth- 
ods that are either public or private. Public con- 
notes that they are accessible from outside of the 
class, while private means they are not accessible 
(Fig. 3). 

We established two types of public interface 
methods: initialization and update. These methods 
are invoked by sending a message to the appropri- 
ate object, in effect instructing the object to cxe- 
cute the method. Initialization methods create 
objects from classes. All messages in GePSi are 
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Table I 
Interface methods associated with a selection of classes that generate objects used in GePSi. These are shown to illustrate some of 
the input-output variables considered in the model 

Class Interface Input variables required Variables calculated or updated 
methods 

Weather IWeather0 Latitude 
Longitude 
Standard meridian 
Reference height 
Atmospheric pressure 
A flag specifying if daily or hourly 
measured data available 

Annual mean/amplitude of air temperature 

MicroWeather 

YearlyUpdate- 
WeatherGen- 
erated0 

YearlyUpdate- 
WeatherMea- 
sured0 

DailyUpdate- 
Weather() 

IMicroWeather0 

DailyUpdate- 
MicroWeatherO 

HourlyUpdate- 
MicroWeatherO 

Amplitude of daily air temperature 
Average air relative humidity on sunny days 
Annual mean wind speed 
Annual mean atmospheric CO 2 
concentration 
Annual total precipitation 
Sunny or rainy day (each of 365 days) 

File name of input data 

Julian day 
File name of the input data 

Number of inclination classes in leaf angle 
distribution function 
Leaf angle distribution function 
Cluster factor 
Leaf reflectance to PAR and NIR 
Leaf transmittance to PAR and NIR 
Soil reflectance and transmittance to PAR 
and NIR 

Number of canopy layers 
Height of each layer 
Leaf and stem area in each layer 

Air pressure above canopy 
Sun zenith angle 
CO 2 concentration above the canopy 

Direct PAR and NIR above the canopy 
Downward diffuse PAR and NIR above 
canopy 
Thermal radiation from sky 
Air temperature above canopy 

Annual mean and amplitude of air 
temperature 

Amplitude of daily air temperature change 
Average air relative humidity on sunny days 
Annual mean wind speed 
Annual mean atmospheric CO2 
concentration 
Daily precipitation on rainy days 
Sunny or rainy day (per year) 

Short-wave radiation (per hour) 
Direct and diffuse PAR and NIR (per hour) 
Air temperature (per hour) 
Relative humidity (per hour) 
Wind speed (per hour) 
Soil surface temperature (per hour) 
Precipitation (per hour) 

Leaf projections to each sky zone 

Height of each layer 
Leaf and stem area in each layer 
Extinction factors to diffuse radiation 

Profiles of CO 2 concentration 
Profile of wind speed 
Profiles of air temperature and vapor 
pressure 
Profiles of direct PAR and NIR 
Profiles of downward diffuse PAR and NIR 

Profiles of upward diffuse PAR and NIR 
Profiles of downward and upward thermal 
radiation 
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Table 1 (continued) 

Class Interface Input variables required Variables calculated or updated 
methods 

Air vapor pressure above canopy NO~ concentration in irrigation water 
Wind speed above canopy 
Soil surface temperature 

ISoil0 Number of soil types in column 
Depth of each soil type 
Soil type index 
Number of layers 
Maximum depth 
Index for layer thickness increase 
Initial profile of soil temperature 
Initial profile of soil water potential or 
water content 
Initial profiles of concentrations of NH 4 and 
NO~ 

Number of soil layer with roots 

Soil 

DailyUpdate- 
Soil() 

HourlyUpdate- 
Heat() 

HourlyUpdate- 
Nutrients() 

SubhourUpdate- 
Water() 

Plant IPlant0 

DailyUpdate- 
Plant() 

HourlyUpdate- 
Plant() 

Number of soil layer with roots 

Air pressure Profiles of soil temperature 
Radiation at soil surface (PAR, NIR, Sensible heat fluxes at the surface 
thermal) 
Air temperature Latent heat fluxes at the surface 
Air vapor pressure 
Wind speed 
Soil temperature at bottom of the column 
Time step of integration 

Concentration of NH 4 and NO3 in the Profiles of NH4 and NO~ 
irrigation water 
Root uptake rate of NH4 and NO~ in each 
layer 

Precipitation/irrigation rate at soil surface Profile of water potential 
Water potential or content at bottom of soil Profile of volumetric water content 
column 
Root uptake of water in each layer 
Time step of integration 

Data file name of canopy 
File name of root-system 

Number of soil layers 
Bottom depth of each soil layer 
Flag for water dynamics 
Flag for nutrient dynamics 

Daily mean air temperature 
Daily mean soil temperature 

Soil temperature in each layer 
Concentration of NH4 and NO 3 in each 
layer 

Water fluxes between layers 

Canopy properties (see CANOPY) 
Root-system properties (see 
ROOTSYSTEM) 

Plant age 
Carbon allocation to canopy and root 
Nitrogen allocation to canopy and root 
Canopy properties (see CANOPY) 
Root-system properties (see 
ROOTSYSTEM) 

Canopy properties (see CANOPY) 
Root-system properties (see CANOPY) 
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Table 1 (continued) 

Class Interface Input variables required Variables calculated or updated 
methods 

Subhourly- 
UpdatePlant0 

Canopy ICanopy(} 

DailyUpdate- 
Canopy() 

HourlyUpdate- 
Canopy() 

SubhourUpdate- 
Canopy() 

Dispersion coefficients of NH4 and NO~ in 
soil 

Hydraulic conductivity in each soil layer 
Water potential in each soil layer 

Time step for integration 

File name of input data 
Number of layers and flushes 
Covered ground area 
Leaf inclination distribution 
Air pressure 
Growth CO, concentration 
Tolerance for leaf energy balance 
Average leaf nitrogen content 
Water potential of the canopy 
Age, top diameter, biomass of main stems in 
each layer 
Age, top diameter, hiomass of branches in 
each layer and flush 
Age, length, width, biomass of leaves in 
each layer and flush 
Flag for water dynamics 
Flag for nutrient dynamics 
Pointer to MicroWeather object 

Daily mean air temperature 

Daily carbon supply 

Daily nitrogen supply 

Time step for integration 

Water uptake by roots 

Canopy properties (see CANOPY) 
Root-system properties (see 
ROOTSYSTEM) 

Carbon and nitrogen supply to each stem, 
leaf and fruit 
Heat sum for emergence of new stem, leaf 
and fruit 
Total biomass in stems, leaves and fruits 
Total nitrogen in stems, leaves and fruits 
Total leaf area and stem area 
Daily respiration rates of stems, leaves and 
fruits 
Daily photosynthesis and transpiration of all 
leaves 
Canopy height and area 

Hourly respiration rates of stems, leaves and 
fruits 
Photosynthesis and transpiration of sunlit 
leaves 
Photosynthesis and transpiration of shaded 
leaves 
Hourly gross and net assimilation of the 
canopy 
Hourly total transpiration 

Water potential and relative water content 
of the canopy 
Total amount of water in the canopy 
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Table 1 (continued) 

Class Interface Input variables required Variables calculated or updated 
methods 

RootSystem IRootSystem0 Numbers of layers with roots Age, biomass, length, diameter, water 
potential, nitrogen content of the suberized 
root 
Age, biomass, length, diameter, water 
potential, nitrogen content of active roots in 
each layer and class 

DailyUpdate- 
RootSystem0 

HourlyUpdate- 
RootSystem0 

SubhourUpdate- 
RootSystem0 

Leaf ILeal0 

Bottom depth of each layer 

Flag for water dynamics 
Flag for nutrient dynamics 
File name of the input data 
Maximum ground area 
Covered ground area 
Number of root classes 
Maximum rooting depth 
Initial rooting depth 
Age 
Total biomass of roots 
Average diameter of the suberized root 

Daily mean soil temperature 
Carbon supply to the root system 
Nitrogen supply to the root system 

Soil temperature in each layer 

Concentration of NH4 and NO 3 in each 
layer 
Dispersion coefficients of NH4 and NO~ in 
soil 

Hydraulic conductivity in each soil layer 
Water potential in each soil layer 
Water potential of the canopy 
Time step for integration 

Age 
Heat sum for mature 
Heat sum for death 
Dry weight 
Non-structural carbon 
Length 
Width 
Water potential 
Temperature 
Nitrogen content 
Growth CO, concentration 
Air pressure 
Tolerance for leaf energy balance 
Parameters for Bali's model 
Parameters for Farquhar's model 

Carbon and nitrogen supply to each root 
Rooting depth 
Total biomass in suberized and active roots 
Total nitrogen in suberized and active roots 
Total root length 
Daily respiration rates of suberized and ac- 
tive roots 
Daily total water and nutrient uptake by 
roots 

Hourly respiration rates of suberized and ac- 
tive roots 
Hourly average water uptake by roots 

Hourly nutrient uptake by roots 

Water uptake by roots in each layer 
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Table 1 (continued) 

Class Interface Input variables required Variables calculated or updated 
methods 

Branch 

Fruit 

DailyUpdate- Daily mean air temperature 
Leaf() Carbon supply 

Nitrogen supply 

HourlyUpdate- Air CO,, 
Leaf() PAR, NIR and thermal radiation 

Air temperature 
Vapor pressure 
Wind speed 

IBranch0 Age 
Heat sum for mature 
Heat sum for death 
Dry weight 
Non-structural carbon 
Length 
Width 
Water potential 
Temperature 
Nitrogen content 
Growth C02 concentration 
Tip angle 
Taper 

DailyUpdate- Daily mean air temperature 
Branch() Carbon supply 

Nitrogen supply 

HourlyUpdate- Air temperature 
Branch() 

IFruit0 Age 
Heat sum for mature 
Heat sum for death 
Dry weight 
Non-structural carbon 
Length 
Width 
Water potential 
Temperature 
Nitrogen content 

DailyUpdate- Daily mean air temperature 
Fruit() Carbon supply 

Nitrogen supply 

Age and physiological age 
Dry weight 
Nitrogen content 
Daily total respiration 
Non-structural carbon 
Daily total assimilation 
Surface area 

Leaf-boundary-layer conductance 
Stomatal conductance 
Photosynthetic rate 
Transpiration rate 
Day respiration rate 
Maintenance respiration rate 
Intercellular CO, concentration 

Age and physiological age 
Dry weight 
Nitrogen content 
Daily total respiration 
Non-structural carbon 
Active biomass 
Volume 
Top and base diameters 

Maintenance respiration 

Age and physiological age 
Dry weight 
Nitrogen content 
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Table I (continued) 

Class Interface Input variables required Variables calculated or updated 
methods 

FineRoot IFineRoot0 Age 
Heat sum for mature 
Heat sum for death 
Dry weight 
Non-structural carbon 
Length 
Width 
Water potential 
Temperature 
Nitrogen content 
Surface conductance to water 
Parameters of Michaelis-Menton function 
for NH4 and NO3 uptake 

Daily mean soil temperature 
Carbon supply 
Nitrogen supply 

CoarseRoot 

DailyUpdate- 
FineRoot0 

HourlyUpdate- 
FineRootO 

Soil temperature 
Soil NH4 and NO 3 concentration 
Soil resistance to NH4 and NO~ transfer 

SubhourlyUpdate Time step 
FineRoot0 Soil resistance to water 

Soil water potential 
Canopy water potential 

ICoarseRoot0 Age 
Heat sum for mature 
Heat sum for death 
Dry weight 
Non-structural carbon 
Length 
Width 
Water potential 
Temperature 
Nitrogen content 
Surface conductance to water 

DailyUpdate- Daily mean soil temperature 
CoarseRoot0 Carbon supply 

Nitrogen supply 

HourlyUpdate- Soil temperature 
CoarseRoot0 

Age and physiological age 
Dry weight 
Nitrogen content 
Daily total respiration 
Non-structural carbon 
Daily suberization rate 
Daily water uptake per root length 

Maintenance respiration 
Root-surface resistance to water 
NH 4 uptake rate 
NO 3 uptake rate 

Water uptake rate 

Age and physiological age 
Dry weight 
Nitrogen content 
Daily total respiration 
Non-structural carbon 
Active biomass 
Daily suberization rate 
Daily water uptake per root length 

Maintenance respiration 



64 J.-L. Chen, J.F. Reynoldo" / Ecological Modelling 94 (1997) 53-66 

identified by having the extension '0,' e.g. 
IPlant0, whereas all objects have the extension 
'O', e.g. PlantO. For example, sending the mes- 
sage IWeather0 to class Weather will create a 
object, WeatherO, and sending the message 
IPlant0 to class Plant, will create an object, 
PlantO (Fig. 4). The creation of PlantO automati- 
cally results in the creation of CanopyO and 
RootsystemO, which in turn, causes the creation 
of objects for branches, leaves, roots, etc. (Fig. 5). 

We have incorporated four update methods 
into the classes (Fig. 4). These correspond to time 
scales of yearly, daily, hourly and subhourly. 
Each object can be updated with a different fre- 
quency. For example, WeatherO is updated at the 
start of each year by method YearlyUp- 
dateWeatherGenerated0, if the weather is being 
generated by mathematical relations, or by Year- 
lyUpdateWeatherMeasured0 if being read in 
from a data file. PlantO is updated subhourly, 
hourly, and daily depending on the application. 
The sequence of events enacted during a daily 
update of object PlantO are illustrated in Fig. 5. 
During the growth of a plant, the update methods 
increases the size, weight and/or nitrogen content 
of each organ, and creates new objects, depending 
on environmental conditions. 

Although Fig. 4 appears similar to a procedural 
flow chart, there are some important differences. 
The messages in Fig. 4 are only instructions to an 
object to invoke a method. In a Fortran program, 
for example, these would be calls to subroutines. 

In Table 1, we provide some details of the 
initialization and update methods, and the vari- 
ables involved in each class of object in GePSi. 
This table provides the reader with an overview of 
some of the processes we consider in the model. 

study a variety of important plant-level issues that 
have implications for understanding the carbon 
balance of ecosystems. This includes, for example, 
non-structural carbohydrate accumulation in 
plants that decouples photosynthesis from 
growth; changes in litterfall; root exudation and 
increased turnover rates; altered respiration rates; 
and allocation of biomass into above- and below- 
ground structures. These modules can be parame- 
terized for specific species, related groups of 
species, life-forms, or broader groups depending 
on how variable the processes are across the 
groupings and the amount of unexplained vari- 
ability that is acceptable for the question being 
investigated. This approach also allows the devel- 
opment, testing, and validation of each of the 
individual modules. Our ultimate goal is that 
GePSi can serve as a template for building a plant 
growth model by simply selecting the appropriate 
modules for the question being asked and either 
re-parameterizing or modifying them as described 
in Luo et al. (1997). 
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5. Summary 

Our goal in developing the GePSi is to build a 
modular structure based on general principles, 
and to write a suite of modules with defined 
interfaces, that are fundamentally similar for dif- 
ferent kinds of plants. These modules include 
photosynthesis, growth, nutrient and carbon allo- 
cation, water uptake, etc. GePSi can be used to 
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