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Abstract For the broad understanding of sustainable development, items such as seasonal
change, timing of restrained harvesting and the rate of regeneration of natural resources, as well
as the theories of population growth are crucial. Similarly, in the world of computing as a whole
and computing simulation in particular, three important components of models are theory, data
and program. A model for global sustainability should include sub-models for different resources
and consumers in the ecological system. In this paper, a sample of sub-models relating to areas
such as human population growth, water, soil and land, greenhouse gases and COs, conservation,
Jorests and harvesting are listed, combined with other models such as pollution, waste treatment
and ozone levels. The complexity of such simulations and their relevance to the curvent debate on
sustainability are discussed.

Introduction

As one component of the world’s biotope, humans survive by using natural
resources and exploring different ecosystems. Individual ecosystems are
complex in structure, composition and in the interactions of their components.
Exploitation of natural resources without thorough understanding of the
resulting effects of such exploitation and out of line with the concept of
sustainability, will cause adverse consequences. Through systematic studies,
the major components of an ecosystem have been determined and can be
identified in each case. What is perhaps not in the general knowledge is that
each component’s role and functions can be expressed mathematically. Because
both biotic and abiotic factors vary from time to time, long-term studies are
necessary to explain them mathematically. Each ecosystem has its own
components. Unique interactions among components can be expressed
mathematically, as the body of data they entail explain items such as
relationships and connections. Therefore, whole ecosystems can be considered
as a huge data warehouse with networking among them and huge amounts of
data stored.

Both understanding and simulation of an ecosystem are complex tasks.
Usually, ecological studies can be divided into short-term, small-scale
controlled experiments and long-term, large-scale experiments. The short-term,
small-scale experiments are generally conducted in laboratories, greenhouses
or fields. Such experiments are designed for different treatments and
replications. For long-term, large-scale ecosystem studies, there may be only
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one methodology employed, which may take months or years to be fully
studied. Long-term, large-scale studies also require huge budgets and are
difficult or sometime impossible to be repeated. After costs of more than 200
million US dollars, the most famous ecological experiment, Biosphere 2, was
described as “Nearly all the birds and animals and insects that were supposed
to thrive inside the greenhouse died, except for cockroaches and ‘crazy ants’
that now own the place” (Dye, 1998). Biosphere2 was a expensive ecological
experiment, but it only included a small portion of the Earth’s unique
ecosystem.

For some decades now, computer simulations have been attributed as a
powerful tool to study complex ecological systems. Compared to the
experimental costs, computer simulations are often cheaper, easier to conduct
and to some extent, much faster than normal experiments. With the
progressive depletion of environmental resources and increase in
environmental problems, management strategies for these resources are even
more crucial. Since natural resource management and precise predictions
depend on sophisticated computer simulation models, this paper will present
an overview of the essence, requirements, the scope, use and benefits of
computer simulation models for sustainability.

In Figure 1, Mencius (372-289 BC) said: “If you don’t interfere with the timing
of the farmers, there will be more grain than can be eaten. If fine-mesh nets are
kept out of the ponds and lakes, there will be more fish and turtles than you can
eat. If loggers are regulated in their woodcutting, there will be more wood than
can be used” (translation by Charles Muller, 1999).

Mencius pointed out some major principles of sustainability. The examples
in agriculture, forestry and fishery he provided illustrated the significance of
human activities and their impact on the environment and on its resources.
Proper timing in farming practices, restricted fine netting fishing, and
regulated timber harvesting can ensure the continuous supply of resources.
According to Mencius philosophy, the modeling of sustainability requires:

« That due account of the seasonal change of the natural resources, 1.e. the
seasonal change of the carrying capacity of an environment be taken.

+ That a balance in the consumption rate of natural resources by human
or other organisms is found.

« That theories (especially limits) on population or resource growth and
harvesting be considered.

Ancient Chinese Wisdom of Sustainability
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Essences of computer simulation models

The three essences for all computer simulation models are theory, data and
program. To develop a computer model to simulate the behavior of an
ecosystem, detailed knowledge (theory and data) about that ecosystem are
fundamental. A given computer program is thus the main tool to express the
logic of theory in computer codes. An overview of its three main components
follows:

Theory
Before designing a computer model to use with ecological data, you have to tell
the computer how to do the calculations by transferring the ecological theory to
the logical computer code, i.e. programming. There are different definitions for
the word “theory” in the dictionary. In this paper, the word theory is used as a
systematic statement of general principle that has been scientifically verified.
To establish a useful model, we have to locate, or to develop, the correct
theories for the system. For example, when the differences in sex and age are
not significant, theories based on total population size can be used. However,
when age differences are important, an age-structured population theory is
appropriate (Lotka, 1925; Lewis, 1942; Leslie, 1945). Furthermore, if differences
exist in both sexes and developmental stages, a sex and stage-structured theory
1s suitable for the circumstances (Chi, 1988; Caswell, 1989; Manly, 1990).

For example, a logistic model to simulate the population growth in a
seasonal changing environment may be the following:

aNn N(t)
v r(t)N(t) (1 — m) 1)
where
V(t) = (rmax - sz'n)Sil'l <$ . t> + (M) (2)
and

K(t) = (Kiax — Kpin)sin (”ﬂ . t) + (M) (3)

365 2

This model is presented — even at the risk of confusing the lay-reader — to
illustrate the fact that we cannot use logistic growth to simulate the growth of
an age-structured population. Therefore, to simulate the growth of the human
population, we have to use the age-structured life table theory, such as the
Lewis-Leslie matrix (Lewis, 1942; Leslie, 1945). More precisely, we need the age-
specific survival rates and fecundity for both sexes. For insect and mite species,
if there is significant stage differentiation and sexual dimorphism, an age-
stage, two-sex life table theory is appropriate in simulation of the population
growth and the change of stage structure (Chi, 1988, 1997, 1999).



Because ecology is a young science and ecosystems are complex, ecologists
revealed only a few “theories” about ecosystems. Many ecological observations
are still interpreted solely based on statistical analysis and that has a real
impact in our ability to fully understand the implications of sustainability.
When robust theories are not available, the build up of simulation models
based on statistical results or hypothesis require special caution.

Data

To establish an applicable model, we need observed and/or experimental data.
The same line of thinking applies to data on sustainability. As the example
earlier given illustrates (Equations 1, 2 and 3), the maximal and minimal
carrying capacities (K. and K,,;,), the maximal and minimal growth rates
(7max and 7,,;,) and the initial conditions ((0), N (0) and K (0)) are necessary in
simulation processes. To determine what components should be included in the
model, it requires thorough and intellectual observation, sampling and analysis
of an ecosystem to distinguish the major biotic and abiotic components of an
ecosystem from others. When developing an ecological-economic model, we
need both ecological and economic data. The decision on what types of data are
necessary should be made in close connection with the theoretical background.
If an existing theory can properly describe the behavior of an ecosystem in
mathematical functions, we can specify the necessary components of a model.
If no theory is available, then we may have to use statistical analyses to obtain
the required parameters. For the simulation of human population growth, a
parameter often referred to in international discussions on sustainability and in
carrying capacity, we need life table data such as age-specific survival rates
and fecundity for both sexes. Because each geographical region has its own
characteristics — a matter which is sometimes ignored or simply overlooked
when developed and developing countries discuss what sustainability means
for them — regional-specified parameters should be used.

Those involved in teaching natural sciences in higher education institutions
will know that, for wildlife conservation, various data, e.g. the phenological
data; the life table, the predation rate and population size of the predator, the
density of competitors, the dynamics of food resources, etc. are required.
Sometimes it may take months or years to collect the necessary information. In
many field studies, sensors and data loggers have been widely used to
automate the data collection and transfer.

Computer program

To most people, the first impression about a simulation model is a computer
program. The programming languages, e.g. FORTRAN, BASIC and C, were
unfriendly and difficult to learn. For many years, programming was tedious for
most people, including ecologists. It was also seen as a taboo for specialists on
sustainability, since it would require a body of knowledge not often provided in
formal academic training, not to mention in the usual professional profile of a
practitioner.
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Figure 2.
Visual BASIC program

In the past, programs were procedural applications and their sizes were very
limited (usually 64K on personal computers). To generate a computer graph
was often difficult. About 20 years ago, computer simulation models were
awkward to most users. From the 1980s, with the prevalence of personal
computers, most students learned the basic programming in elementary
schools or high schools. In universities, advanced courses were offered in
several levels. At the same time, the programming languages, e.g. Visual
BASIC and Visual C, become more powerful. Programs became event-driven
applications and their sizes are no longer limited by the computer memory.
Graphs and charts can be easily generated. The user-friendly computer
simulation models became available on Windows operated PCs.

Figure 2 is a Visual BASIC program for the simulation of population growth
in a seasonal changing environment (Equations 1, 2 and 3). In 33 lines of

SimuTime = Val(txtSimuTime) ‘the simulation time

RMax = Val(txtRMax) ‘the maximum of r-rate
RMin = Val(txtRMin) ‘the minimum of r-rate
KMax = Val(txtKMax) ‘the maximum of K
KMin = Val(txtKMin) ‘the minimum of K
N(0) = Val(txtNO0) ‘the initial population size

Fori=0 To SimuTime + 1
K(i)=(KMax+KMin)/2+Sin(2*3.141592/365*i)*(KMax- KMin)/2

Next i

Fori=0 To SimuTime + 1
R(1)=(RMax+RMin)/2+Sin(2*3.141592/365*i)*(RMax-RMin)/2

Next i

Fori=1 To SimuTime + 1
dNGE-1D)=R@E*NG-1)*(1-NG-1)/K@i-1))
N@G@)=N@G-1)+dNG-1)

Next i
Graphl.NumPoints = SimuTime + 1
Graphl.DataReset =9

Graphl Visible = True

Graphl.GraphType = 6

Graphl.NumSets = 2

For i =0 To Graphl.NumPoints - 1
Graph1.GraphData = N(i)
Next i
Fori=0 To Graphl .NumPoints - 1
Graphl.GraphData = K(i)

Next i

Graphl.BottomTitle = "Time"

Graphl.LeftTitle = "N(t) and K(t)"

Graphl.ColorData = gphLightBlue

Graphl.ColorData = gphLightMagenta

Graphl.YAxisStyle = gphVariableOrigin

Graphl.DrawMode = gphDraw



coding, it can simulate the growth and plot the results in a graph. The old
programming languages (Fortran, BASIC, C) did not have the same capability.
This program shows that programming can be easily understood and achieved
by people with limited programming experience. The complete source codes
and forms can be downloaded at

+ http:/ftp.nchu.edu.tw/nchu/Ecology/Welcome.html and
« http:/nhsbig.inhs.uiuc.edu/wes/chi.html

Because models must be revised and/or modified frequently to cope with the
changing ecosystem and computer system, it will be more efficient if the
ecologists do the programming themselves. Ecologists, who do the
programming by themselves not only save time in communication with
computer programmers, but can also be certain that the ecological theory is
correctly expressed in computer codes. For those who do not want to learn
programming languages, there are also some modeling tools, such as
ModelMaker, Stella, etc. available. Although one can build some models using
these over the counter modeling software, these software do have their
limitations.

Sometimes, a traditional programming language is still used in computer
modeling. The Guideline on Air Quality Models published by the
Environmental Protection Agency (EPA) of the USA, requires that all models
submitted to the EPA for evaluation must be in common Fortran language.
Because Fortran is no longer a popular and user-friendly language, this
limitation needs to be reviewed.

Most ecosystems are unique in their own component structures and system
functions, a new computer program is often required for a specific habitat. It is,
however, possible to customize and modify an existing program to be used in
different habitats (Bugmann and Solomon, 1995).

Simulation models
Sustainability is an expression of broad meaning in the fields of ecology and
economy. The establishment of a universal computer simulation model for
sustainability that covers all resources and environments is nearly impossible.
Currently, most models were developed for specific resources or habitats/
environments.

The followings are various models dealing with different resources or
factors that should be included for sustainability.

Human population growth models

The concern about sustainability increased mainly due to the human impacts
on the environment. Therefore, simulation models on human population
growth (exploration) are important. There are many simulation models
available on the Internet about projection of global and or regional human
population. The latest predictions made by the United Nations claim that the
human population will reach 60 billion before the year 2050. The author also
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designed a model for the simulation of population growth in Taiwan, available
at the before mentioned Web sites (Chi, 1998). The simulation results of the
human population growth are keystones to the models for supply and demand
of various resources.

Water models

For thousands of years, the limited supply of water has become one of the most
important restriction factors of all organisms and the economic development in
many countries. Many models have assisted policy decision makers in
planning and managing water resources. The Joint Research Centre (JRC), a
service of the European Commission, is working on the SHYLOC project
(System for Hydrology using Land Observation for Model Calibration).
SHYLOC uses a satellite image to determine the amount of surface water in
natural and artificial channels. Furthermore, the JRC is developing a model to
control the dimethylsulphide (DMS) pollution in ocean water (http://
poplar.sti.jrc.it/public/iain/shyloc/home.html; Shepherd et al., 1998). The Water
Resources Research Laboratory (WRRL) of the Bureau of Reclamation
(Department of Interior, USA) has used hydraulic modeling to solve water
resources and hydraulics problems and to study the dam safety (http://
www.usbr.gov/wrrl/index.html). Moore and Negri (1992) analyzed the
application of a multicrop production model to water allocation policy of the
Bureau of Reclamation. The Everglades Landscape Model (ELM) is an regional
ecological model. It simulates the landscape response (vegetation community,
biomass, sediment, etc.) to different water management scenarios in the
Everglades Protection Area (south Florida, USA) (http://kabir.umd.edu/Glades/
ELM.html).

Soil and land models

Land consumption increases globally, especially in developing countries. One
of the objectives of the environmental policy of the Federal Republic Germany
is to safeguard the state of environment, such that free space is ensured for the
development of the future generation (Federal Ministry for the Environment,
Germany, 1994). To sustain current agroecosystem development, soil modeling
is necessary. Moore and Madison (1985) developed an animal waste-loading
model to estimate total phosphorus loading and its loss from the watershed.
Young (1991) developed a computer model, SCUAF, to study the maintenance
of soil fertility under an agroforesty system.

Greenhouse effect and CO» models

The greenhouse effect has been one of the major environmental concerns in the
last few decades. Its global influence led the UNFCCC (United Nations
Framework Convertion on Climate Change) to organize an international
convention in Kyoto in 1997. Kasischke et al. (1995) developed a model to study
the sensitivity of different carbon stocks and their influence on global warming.
In a small greenhouse experiment, Linker et al. (1998) developed a neural



network greenhouse model to study the optimal CO, control. Rosenthal (1998)
studied the effects of elevated CO, on tropical ecosystems in Biosphere 2 and
reported that higher atmospheric CO, has increased net photosynthesis in the
rain forest. Applying the atmospheric and oceanic CO, models, Fan et al. (1998)
report a large terrestrial carbon sink found in North America. More information
1s needed to totally understand the global greenhouse effect.

Conservation models

Several simulation models have been published especially for wildlife
conservation. Using simulation model and GIS, Liu et al. (1995) demonstrated
the effects of forest management (harvesting, thinning and burning) on the
population dynamics of endangered birds. Combining a population simulation
program and GIS, Lindenmayer and Possingham (1995) estimated the
probability of extinction of the endangered species, Leadbeater’s possum, a
small, highly agile, nocturnal marsupial in Australia. Doherty et al. (1999) used
a population simulation model to study the response of a hypothetical forest
bird population to various forest managements. Based on the results of model,
they determined the optimal management for balancing conservation and
economic gain.

Forest models

Numerous models have been focused on one of the most important natural
resources — the forest. The forest is important to water and soil conservation,
biodiversity, recreation, education and much more. Krauchi (1995) used a
model, FORSUM, to simulate the succession of the forest ecosystem and
concluded it can be used to evaluate climate change impacts on the forest
ecosystem. Bugmann and Solomon (1995) applied a European forest model in
North America to study the ecosystem response to climate change. A complex
computer model of forest dynamics (SORTIE) was used to model the forest
composition and plant succession (Deutschman et al., 1997).

As a further example of sustainability, the sustainable forest management
practiced by the Canadian Model Forest Program deserves special attention
(Hall, 1997). Governmental support is especially important and crucial to a
successful sustainable development initiative. For example, the Canadian Fund
Model Forest (FMF) encompasses approximately 1 million acres of forest. The
FMEF helps to assess proper management practices and develop indicators of
sustainable forest management. It serves not only as a research program, but
also as a management and educational initiative. A computer simulation
program that integrates all activities in forests, will be beneficial on a global
scale.

Harvesting models

Human survival depends on the adequate harvesting of all natural resources.
For a sustainable future, it is important to plan all harvesting based on
ecological knowledge.
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Clark (1976) discussed the economics of harvesting a population based on a
logistic model. Authors such as Chi (1994), Carey and Vargas (1988), Chi and
Getz (1988), have developed various theories on mass rearing and harvesting.

Models for the timing of management

Sustainability depends on how we manage the available resources. When
environmental problems were less serious and sustainability was not an issue
of major concern, a farmer would not consider an extra application of pesticide
or fertilizer as critical. With the increasing awareness of environmental
protection, resource scarcity and sustainable development, it iS necessary to
avoid any unnecessary management practices. Chi (1990) developed a timing
control based on the stage structure of pest population and when combined
with corrected degree-day data (e.g. Fettig et al, 1998) it may accurately
forecast dates for the application of insecticides.

Pollution models

Pollution is a major adverse factor for sustainability. Pollutants are the sources
of health hazards and they worsen resource scarcity. Pollution models can be
used to describe the dispersion of pollutant from the source of pollution and/or
to estimate the rate of accumulation. Metcalfe and Whyatt (1994) have for
example used an atmospheric pollution model, the Harwell Trajectory Model
(HTM), to determine the degree or dangers of sulfur deposition. Parson et al.
(1998) used AGNPS to study the decision-making risk.

Waste models

Because resources are limited, waste treatment and recycling are essential for
sustainable development. Waste reduction during the process of production is
more valuable than the search for new resources. Nguyen and Saddler (1991)
incorporated the production, waste treatment and cost in a process simulation
model for ethanol production. Aldrich (1994) constructed a microeconomic
model to estimate the long-term liability costs in hazardous waste landfill.

Ozone models

From 1985 to 1989, a European Monitoring and Evaluation Program model for
ozone was developed, to calculate the ozone concentration over Europe
(Simpson, 1993). Rabl and Eyre (1998) used ozone models to estimate the
regional and global O3 damage in Europe.

Challenges in modeling

The models mentioned above, all associated with sustainability and the
environmentally-sound use of natural resources, represent only a small portion
of research conducted in computer simulations. Various models indicate the
diversity of challenges to maintain sustainable development. Moreover, new
problems require new problem-solving skills. For example, with the
advancement of biotechnology, we need new models to assess the impact of



genetically modified crops on the sustainability of a given ecosystem and on
soil fertility. There are many models available on the Internet, some of them are
free, whilst others are not. Most models, either academic or commercial, require
frequent revision. With new data or new theories available, models can be
modified, restructured or discarded. Models may also be revised to complement
new computing environments.

Requirements for simulation models for sustainability

In addition to the three essences of computer simulation models: theory, data
and computer program, a simulation model for sustainability should include
the following.

The fluctuation of resources and the environment

The quantity and quality of resources changes from time to time. Many
changes are in coincidence with the seasonal fluctuation; others are mainly due
to the continuous exploitation by man. Long-term studies on environmental
changes are important. However, due to the large financial requirements for
long-term studies, government agencies should be involved. Data collected by
satellites in industralised countries should be made available to scientists from
around the world. This will enhance researchers’ ability to study global
sustainability.

The ability to make predictions

Most abiotic environmental factors and biotic factors such as the size of animal
and plant populations change from time to time. A deterministic model will not
be able to take the randomness or uncertainty into consideration. The
uncertainties of models have also been noticed in many reports (Rabl and Eyre,
1998; Krauchi, 1995; Deutschman et al., 1997). For a more realistic simulation
result, the simulation model must be able to take the variability of factors and
parameters into account.

The economics of management

The urgency for sustainable development is mainly due to the overexploitation
of natural resources and damage to the environment by human beings. All
types of economic activities have a direct or indirect effect on ecosystems. As
Beaton and Maser (1999) suggested, it is time to reunite economy and ecology.
Economic value and supplies vs. demand for natural resources are time-
variable and crucial to its sustainability.

The balance between regional and global sustainability

No environment is completely isolated from other environments. And no
resource can be isolated from its environment. The increasing world trade in
natural resources, agriculture and industrial products, make sustainability a
global issue. A simulation model for sustainability should cover regional and
global ecosystems ( Bugmann and Solomon, 1995; Tack and Polk, 1999).
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The emphasis on environmental degradation

Agricultural and industrial productions are associated with environmental
degradation (e.g. Bhat and Taneja, 1998). For a sustainable development, it is
necessary to take the environmental degradation into consideration.

The use of the Internet for speedy communication

For fast and efficient communication, the Internet is an inevitable choice. There
is a possibility to provide more up-to-date information on the Internet. A Web
site dedicated to computer simulation models for sustainability, administrated
by a well-established environmental organization, institute or university, may
be helpful. The information provided in the web should nonetheless be
carefully screened and selected.

Scale and object of computer simulation models

For administrative purposes, computer simulation models can be designed to
cover a country, a city or a community. However, these units usually do not
represent the habitats of natural boundary. Ecological habitats, e.g. lake, forest,
grassland, etc. are suitable and realistic units for modeling. Simulation models
can be designed for the management of specific resources, e.g. water, pine
forest, salmon, air, etc. However, these resources do not exist independently
from their environments. One cannot model sustainability as a whole, or a
specific resource in particular, without taking the respective environment and
the other biotic and abiotic factors into consideration. When ecological
problems are entangled with political and economic issues, modeling becomes
even more challenging.

Conclusions

Just a few decades ago, rapid economic growth was the main objective in many
countries. Natural resources (e.g. water, air, soil, forest, fish and animals) were
in larger supply than they are today and thus air, water and land were often
treated as dumping grounds for all types of pollutants. The increase in
environmental problems has changed our ideas about development and
development models.

Computer models were once defined as simplifications of the real world. But
oversimplified models will never represent real ecosystems. As sustainability
models become more complex, interdisciplinary cooperation among ecologists,
economists and conservation biologist will be strengthened. Simulation models
have played an important role in the past and will play an even more important
role in the future. The interactive nature of simulation model is not only an
excellent tool for research, but also a great medium of learning and
communication. Computer simulation models can be used in research and in
teaching on sustainable and, when applied by higher education institutions as
part of teaching or research, they can provide a concrete contribution towards
increased environmental awareness and towards the goal of sustainable
development.
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