The concept of systems thinking was introduced in Chap. 1 and this chapter
presents systems thinking based on systems approach. Systems thinking methodol-
ogy, participatory systems thinking and systems thinking in action are presented to
demonstrate the potentiality of systems thinking to study complex and dynamic
systems. Participatory systems thinking is highlighted.

2.1 Introduction

Systems thinking is a method of studying the dynamic behaviour of a complex
system considering the systems approach, i.e. considering the entire system rather
than in isolation, and system dynamics is a tool or a field of knowledge for
understanding the change and complexity over time of a dynamic system. In
isolation a complex system may give a false impression of the dynamic behaviour
which is far from the real behaviour of the actual system. Thus, systems thinking
should consider all the interacting components influencing the dynamics of the
complex system, and system dynamics methodology based on the feedback
concepts of control theory developed by Forrester (1968) is the most appropriate
technique to handle such complex systems to enhance systems thinking and systems
learning.

2.2  Systems Thinking Methodology

To enhance systems thinking and systems learning, the system must be modelled
and simulated. Basically, there are six important steps in building system dynamics
model. It starts with the problem identification and definition, followed by system
conceptualisation, model formulation, model testing and evaluation, model use,
implementation and dissemination and design of learning/strategy/infrastructure.
There is a feedback in this step and it is illustrated in Fig. 2.1. Therefore, the steps
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Fig. 2.1 Overview of the system dynamics modelling approach (Source: Martinez-Moyano and
Richardson 2013)

needed for modelling and simulating of complex systems based on systems thinking
are:

. Identify the problem.

. Develop a dynamic hypothesis explaining the cause of the problem.

. Create a basic structure of a causal graph.

. Augment the causal graph with more information.

. Convert the augmented causal graph to a system dynamics flow graph.

. Translate a system dynamics flow graph into STELLA or VENSIM programs or
equations.

AN N B W =

These steps of systems thinking are discussed below in detail.
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2.2.1 Problem Identification

The first step in the model building is to identify the problem, set its boundary and
state the specific objectives. The problem should be clearly identified and it is
important for a successful modelling to solve the real problem. Systems thinking
should be used for addressing the problem. Neither the whole system nor the part of
it should be considered to draw the boundary of the model rather systems approach
of considering the entire system that endogenously responsible to cause the prob-
lem from the feedback structure of the stated entire system. Therefore, the system
boundary should encompass that portion of the whole system which includes all the
important and relevant variables to address the problem and the purpose of policy
analysis and design. The scope of the study should be clearly stated in order to
identify the causes of the problem for clear understanding of the problem and
policies for solving the problem in the short run and long run.

To recognise the problem, prepare a detailed description of the system based on
available reports and studies, expert opinions and past behaviour of the system and
identify the important variables generating the observed dynamic behaviour of the
system. The problem of system identification is the problem of system operation.
Thus, the problem identification should include clear statement of the problem
based on different reports, historical and statistical records and previous studies.
The problem statement should clearly describe the major factors influencing the
dynamics of the system behaviour with facts and figures. Next, it should include the
purpose and clearly defined objectives. Discussion with all the stakeholders such as
focus group discussions should be conducted to justify their opinions on the
existing problems, their views on the data collected and also their views on the
solution of the problems.

The verbal description is the simplest way to communicate with others about the
system. The more detailed is the description, the more it becomes easier to model
the system. Major subsystems and their relationships within and between the
subsystems of the system as a whole should be clearly described. The model should
include only the relevant aspects of the study objectives. The verbal description is
in practice a qualitative model of the system.

In selecting the variables to be included in the model, all the variables or factors
relevant to the study objectives should be included, and unnecessary restrictions
must be avoided. The accuracy of the information gathered should be considered. A
further factor to be considered is the extent to which the number of individual
entities can be grouped together into large entities. The boundary should be such
that nothing flows across the boundary except perhaps a disturbance for exciting the
system, and the factors needed to address the problem must be included inside the
system boundary for the proper comprehensiveness of the model with adequacy.
Figure 2.2 illustrates the closed boundary concept. Formulating a model of a system
should start with a boundary that encompasses the smallest number of components
within which the dynamic behaviour under study is generated.

Often, it may be difficult to comprehend the whole system, especially when it is
very large and complex. It is convenient to break up such system into sectors or
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Fig. 2.2 Closed boundary Boundary
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Fig. 2.3 Structure of food, energy and environment model

blocks. The description of the system should be organised in a series of blocks. The
aim in constructing the blocks is to simplify the specification of the interactions
within the system boundary. Each block describes a part of a system that depends
upon a few, preferably one, input variable and results in a few output variables. The
system as a whole can be described in terms of interconnections between the blocks.
Correspondingly, the system can be represented graphically as a simple block
diagram. Figure 2.3 shows the overall structure of food, energy and environment
model and it is a typical example of a block or sectorial diagram. The model is
about the study of food, energy and CO, production in Bangladesh. The six sectors
of the model are food, forest, population, cattle population, energy and CO,. The
major influences to a sector from other sectors and its influences on other sectors are
shown in the diagram.
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System dynamics model of endogenous structure of feedback loops is simulated
to generate the problem dynamically, i.e. the observed dynamic behaviour. This
pattern of change of the behaviour with time is termed as reference mode behaviour
or historical behaviour. We need the observed reference mode behaviour to under-
stand the problem and hence variables are selected accordingly. Figure 2.4a shows
the observed reference mode behaviour of crude palm oil (CPO) price and the
observed and simulated reference mode behaviours of boom and bust of cocoa
production systems in Malaysia. The time horizon of the reference mode and policy
are also important and must be sufficient to cover the problem symptoms and policy
issues addressed (Fig. 2.4b).
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Fig. 2.4a CPO FOB Price, CPO Domestic Price and World CPO Price (1982-2012) (Source:
MPOB 2012)
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Fig. 2.4b Observed and simulated reference mode behaviour of cocoa production systems in
Malaysia (Source: Fatimah et al. 2015)
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The following aspects are to be addressed in the development of problem
identification:

. Definition of the problem
. Purpose of the model

. Systems approach

. Reference mode

. Time horizon

[ O I S

2.2.2 Dynamic Hypothesis

Once the problem is identified, the next step is to develop a theory called dynamic
hypothesis based on the reference mode behaviour over a time horizon. The
dynamic hypothesis in terms of causal loop diagram and stock—flow diagram of
the system can explain the dynamics of the problem. The hypothesis is provisional
and is subject to revision and rejection which solely depends on the observed and
simulated reference mode of behaviour over a time horizon (Sterman 2000).

The dynamic hypothesis is a conceptual model typically consisting of a causal
loop diagram, stock—flow diagram or their combination. The dynamic hypothesis
seeks to define the critical feedback loops that drive the system’s behaviour. When
the model based on feedback concept is simulated, the endogenous structure of the
model should generate the reference mode behaviour of the system, and thus, the
endogenous structure causes the changes in the dynamic behaviour of the system
(Sterman 2000). For example, the boom and bust of shrimp production systems can
be represented by causal loop diagram and stock—flow diagram, and the simulation
model based on the causal loop diagram and stock—flow diagram can generate
dynamic behaviour of the shrimp production systems. The shrimp production
systems in the form of causal loop diagram and stock—flow diagram are
hypothesised to generate the observed boom and bust of shrimp production systems
in the reference mode. In essence the degradation of the soils in the shrimp
aquaculture ponds resulting from the large-scale intensification of the shrimp
culture caused the boom and bust of shrimp production systems in Thailand. In
fact when the shrimp industry is prone to exceed and consume its carrying capacity,
the boom and bust type of development results in and this dynamics results from the
endogenous consequences of the feedback structure (Arquitt et al. 2005).

The next step in dynamic hypothesis is how to test it. The hypothesis is tested
using both the observed and simulated reference mode data. In essence, the goal of
dynamic hypothesis is to develop an endogenous explanation of the problematic
behaviour. Endogenous explanation is that the endogenous structure, i.e. the
interactions of the variables inside the system, causes the problematic behaviour
(Sterman 2000).

The following aspects are to be addressed in the development of dynamic
hypothesis:
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1. Endogenous feedback structure
2. Observed and simulated reference mode behaviour
3. Theory to explain the reference mode behaviour

2.2.3 Causal Loop Diagram

The system boundary covers the key variables inside the boundary and variables
crossing the boundary. The variables inside the boundary are endogenous variables
and the variables outside the boundary are exogenous variables. The next step in the
systems thinking is to search the relationships between the variables and the
developments of feedback loops. These feedback structures are represented in the
form of causal loop diagrams in system dynamics (Sterman 2000) and in the form of
control theory block diagram in systems analysis (Manetsch and Park 1982).
Figure 2.5 shows the causal loop diagram of a simple irrigation model. In this
simple irrigation model, the major variables are irrigated area, irrigated area
increase rate and also irrigation area discard or abandon rate. Irrigated area increase
rate decreases with the increase in irrigated area and increase in irrigated area
increase increases the irrigated. This forms the negative feedback loop B1. The
irrigation area discard rate increases with the increase in irrigated area and in turn
this causes to decrease the irrigated area. This forms the negative feedback loop B2.
Thus, the irrigated area forms two negative feedback loops. The causal loop
diagram represents feedback loop structure of the system and causes the dynamic
behaviour of the system. Causal loop diagram represents the feedback structure of
systems to capture the hypotheses about the causes of dynamics and the important
feedbacks. The causal loop structure generating the reference behaviour of the
system is hypothesised to be the dynamic hypothesis. The following steps are
followed in the development of causal loop diagram:

. Define the problem and the objectives.

. Identify the most important elements of the systems.

. Identify the secondary important elements of the systems.
. Identify the tertiary important elements of the systems.

. Define the cause—effect relationships.

[ O R
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Fig. 2.5 Causal loop diagram of a simple irrigation model
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6. Identify the closed loops.
7. Identify the balancing and reinforcing loops.

The details of construction of causal loop diagrams are described in Chap. 3.

2.2.4 Stock-Flow Diagram

The stock—flow diagram is the underlying physical structure of the system in terms
of stock and flow. Stock—flow diagram is usually followed after the causal loop
diagram. However, the causal loop diagram can follow the stock—flow diagram. The
stock represents the state or condition of the system, and the flow is changed by
decisions based on the condition of the system. It is essentially the physical
structure of the system and can be simulated to generate the dynamic behaviour
of the system. The stock—flow diagram represents integral finite difference
equations involving the variables of the feedback loop structure of the system and
simulates the dynamic behaviour of the system. But differential equations are
formulated in systems analysis based on the control theory block diagram
(Manetsch and Park 1982). The stock—flow diagram or the system of the differential
equations representing the feedback structure of systems captures the hypotheses
about the causes of dynamics and the important feedbacks. The stock—flow diagram
or the system of the differential equations representing the feedback structure of the
system generating the reference behaviour of the system is hypothesised to be the
dynamic hypothesis. Figure 2.6 shows the stock—flow diagram of a simple irrigation
model. The three main variables are irrigated area, irrigated area increase rate and
irrigation area discard rate. Here, we have one stock variable irrigated area stating
the condition of irrigation, and it is increased by one inflow-increasing rate and
decreased by one outflow discard rate. Also, the irrigated area has the unit of
quantity, while the increase rate and discard rate have the unit of quantity per unit
time. The following steps are followed in the development of stock—flow diagram:

. Define the problem and the objectives.

. Identify the most important variables of the systems.

. Identify the secondary important variables of the systems.

. Identify the tertiary important variable of the systems.

. Identify the variables representing the stocks, i.e. accumulations.

. Identify the variables representing the flows having a unit of per unit time of the
stock.

7. Ensure the inflows entering the stock and outflow leaving the stock.

AN AW

The details of construction of stock—flow loop diagrams are described in Chap. 4.
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Fig. 2.6 Stock—flow diagram of the irrigation model
2.2.,5 Parameter Estimation

Parameter estimation is one of the important steps in system dynamics modelling.
Parameter estimation techniques can be classified into three categories: these are
(i) estimation from unaggregate data, (ii) estimation from an equation and data at a
level of aggregation of model variables and (iii) estimation from the knowledge of
the entire model structure and data at a level of aggregation of model variables. The
details are described in Chap. 5.

2.2.6 Model Validation, Sensitivity Analysis and Policy Analysis

The tests for building confidence in system dynamics model consist of validation,
sensitivity analysis and policy analysis of system dynamics models. The two
important notions of the building confidence in system dynamics models are testing
and validation. Testing means the comparison of a model to empirical reality for
accepting or rejecting the model, and validation means the process of establishing
confidence in the soundness and usefulness of the model. The tests for building
confidence in system dynamics models may be broadly classified as:
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1. Tests for structure
2. Tests for behaviour
3. Tests for policy implication

The detailed tests for building confidence in models are described in Chap. 6.

2.2.7 Application of the Model

Because of the counterintuitive nature of the complex systems, the human mind is
not capable of tracing the dynamic behaviour of the systems. System dynamics
simulation model can provide better understanding and greater insights of such
systems. Examining the alternative policies for the selection of best policy for the
improved performance of the system is essential for policy planning. System
dynamics simulation model can be used as a computer laboratory for policy
analysis, and it can also be used to assist in the management and control policy
design. Optimal management and control policy design of the system with regard to
certain criterion and constraints is the ultimate goal of the optimisation of the
system. A simulation model is essential for such optimisation of the system.
Applications of system dynamics models in different areas of agricultural,
biological, aquacultural, environmental and socio-economic systems are presented
in Part IT in Chaps. 8, 9, 10, 11 and 12.

2.3 Critical Aspects of Systems Thinking

The following aspects of systems thinking are very important for studying the
dynamic behaviour of the complex system and need attention to develop the
model based on systems thinking:

. Thinking in terms of cause-and-effect relationships

. Focusing on the feedback linkages among components of a system

3. Determining the appropriate boundaries for defining what is to be included
within a system

Do =

We are interested to study and examine the dynamic behaviour of systems
containing biological, agricultural, aquacultural, environmental, technological and
socio-economic components. In formulating a model for this purpose in mind,
formulating the model should start from the question ‘where is the boundary of
the dynamic system?’. In concept the feedback system is a closed system and the
dynamic behaviour arises within the system.
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24  Participatory Systems Thinking

The system dynamics uses simulation models for policy design and policy analysis
and it is based on the feedback concepts of control theory. More specifically, the
system dynamics uses feedback loops, stock and flow diagrams and non-linear
differential equations. Stakeholders form an important part of the system dynamics
methodology (Forrester 1961; Gardiner and Ford 1980; Vennix 1996, 1999; Hsiao
1998; Elias et al. 2000 and Maani and Cavana 2000). Group model building is
defined as a model-building process which involves the client group deeply in the
process of modelling (Vennix 1996, 1999; Andersen and Richardson 1997;
Rouwette et al. 2011).

There are many reasons to take stakeholders into account in the model-building
process (de Gooyert 2012). And the three distinct types of group model-building
interventions are (1) modelling stakeholder behaviour, (2) modelling with
stakeholders and (3) modelling stakeholder behaviour with stakeholders. Group
model-building intervention needs several iterations. This intervention will support
learning for the stakeholders, and learning will change the behaviour and hence the
decision. The simulation model should be updated after each iteration to take the
new stakeholder behaviour into account

Participatory modelling includes a broad group of stakeholders in the process of
formal decision analysis. It is a process of incorporating stakeholders, often the
public, and decision-makers into the modelling process (Voinov and Gaddis 2008).
Non-scientists are engaged in the scientific process and the stakeholders are
involved to a greater or lesser degree in the process. A fully participatory process
is one in which participants help identify the problem, describe the system, create
an operational computer model of the system, use the model to identify and test
policy interventions and choose one or more solutions based on the model analysis.
Involving the stakeholders in the model-building process can build trust among
stakeholders (Tabara and Pahl-Wostl 2007).

Participatory system dynamics modelling uses system dynamics perspective in
which stakeholders or clients participate to some degree in different stages of the
model-building process. Participatory system dynamics modelling is more than
simply eliciting knowledge from clients about the problem and the system. It
involves building shared ownership of the analysis, problem, system description
and solutions or a shared understanding of the tradeoffs among different decisions.
In other words, it may be termed as participatory systems thinking. The details of
the participatory system dynamics modelling are discussed in Chap. 7.

2,5 Systems Thinking in Action

In the previous sections, the systems thinking methodology has been explained.
Here in this section, the focus is on policy simulation and analysis to address how
systems thinking-based modelling and simulation can assist in policy simulation
and analysis. To achieve this goal, the focus is concentrated on the introduction of
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system, on differential equation model and stock—flow diagram and more impor-
tantly on policy simulation and analysis to demonstrate how systems thinking-
based model can address the policy issues. To demonstrate how to apply systems
thinking in action, we consider here the dynamics of the mangrove forest in the
Sundarbans in Bangladesh as an example.

2.5.1 Introduction

The Sundarbans is the largest single block of tidal halophytic mangrove forest in
the world located in the southern part of Bangladesh, and the Sundarbans was
declared as the world heritage site by UNESCO in 1997. The Sundarbans is
intersected by a complex network of tidal waterways, mudflats and small islands
of salt-tolerant mangrove forests. The Sundarbans mangrove ecoregion is the
world’s largest mangrove ecosystem. The Sundarbans flora is characterised by the
abundance of Sundari (Heritiera fomes), Gewa (Excoecaria agallocha) and Keora
(Sonneratia apetala). Figure 2.7 shows a pictorial of Sundari, Gewa and Keora trees
in the Sundarbans. The number of tree species in the mangrove forest of Sundarbans
is very large (a total of 245 genera and 334 plant species). Based on their growth
characteristics, tree species can be classified into three functional groups, and
Keora, Gewa and Sundari are identified to represent these functional groups and
the growth dynamics of the mangrove forest.

For proper management and understanding of the forest ecosystem, it must be
modelled and simulated. Growth models of forests can assist in many ways. Some
important uses of growth models are its ability to predict the future yields; it
provides an efficient way to resource forecasts; and it can be used to prepare
harvesting schedules for sustainable development. It can also provide a better
understanding and greater insights into forest dynamics. The model presented
here focuses on these three functional groups: pioneer (Keora), intermediate
(Gewa) and climax (Sundari).

(a) (b) (©

Fig. 2.7 (a) Sundari, (b) Gewa and (c) Keora trees of the Sundarbans
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2.5.2 Differential Equation Model and Stock-Flow Diagram

In this example we demonstrate systems analysis approach of using differential
equations and also the system dynamics approach of stock—flow diagram which
essentially represents the integral finite difference equations. The model is based on
a system of three coupled differential equations, which describe stem volume
changes of the succession groups for every time steps. The equations are converted
into stock—flow diagram of STELLA and solved by the Runge—Kutta fourth-order
method.

The volume change for pioneer tree species turns out to be fundamentally
different from that of the two other species. After a clear cut, pioneer tree species
grows at the fastest pace at the beginning of the regrowth process, which can be
described by the Michaelis—Menten kinetics (Haefner 1996). In contrast intermedi-
ate and climax tree species initially show a much slower growth and have their
maximal volume increment when they have reached half of the volume they would
have in a mature forest. This kind of dynamics can be described by logistic growth
(Bossel 1994). Both approaches are consistent with the observation that on a scale
of several hectares of the forest dynamics lead to a steady state, in which no changes
occur any more over time, except from stochastic processes. Additionally, for each
tree species group, competition exists within and between groups.

The following assumptions are made for the mangrove forest growth model:

. Stand growth was considered in the model.

. Aggregated growth of Sundari, Gewa and Keora is considered in the model.

. Competition among these species exists.

. The tree species are pioneer (Keora), intermediate (Gewa) and climax (Sundari).

RIS S

Pioneer Tree Species

According to the Michaelis—Menten equation, the volume of pioneer tree species Vp
at time t is calculated from the maximal volume V,, p, time t and constant Ky,. This
constant describes the time it takes to reach half of the maximal volume V. p:

V t
Vp(l) _ V'mat,P

= 2.1
Ky +t 2.1)

The equation can be rewritten as a differential equation where only the first term is
dependent on the volume. The first term can be interpreted as a growth term, and the
second one as a constant input rate:

de 1 VP Vmat P
— =YV -2 — 2.2
dt  Km P<Vmat,P > * Knm 22)

The growth of pioneer tree species is inhibited by trees of other successional
groups. Tietjen and Huth (2006) reported that only the second term is affected by
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other species groups. Therefore, a competition factor Cp that reduces the constant
input is introduced:

dvep 1 Vp V mat, P
—=—YV, -2 —C 2.3
dt KM P<Vlnat,P ) * KM F ( )
with
\% V
Cp=1-— w1p I wcp C

wp + @cp Vima,1 @1 + @cp Vinar,c

where Vi and V- describe the current volumes of intermediate and climax tree
species, respectively, and V1 and Vi, c denote the corresponding volumes in a
mature forest. The additional factors wip and wcp weigh the influence of the
particular competition and add up to 1. If the volume of intermediate and climax
trees species is zero, then the competition factor equals one, and the growth of the
pioneer trees is not inhibited. On the other hand, if both tree species groups reach
the volume of a mature forest, the competition factor becomes zero and the constant
input disappears.

Intermediate and Climax Tree Species

Both successional groups are described by logistic growth. The specific growth
rates for intermediate and climax tree species are gj and gc, respectively. Competi-
tion within one group and in between the two groups is considered, and as before it
is weighed by competition factors adding up to 1. An additional constant djypy is
added to the equations of both groups to avert extinction. This constant is chosen
small enough not to affect the main dynamics and can be interpreted as constant
seedling input:

dvy 1 Vi Ya Ve
= = (Ginpu Vi) x| 1— - 24
” (Cl nput + &1 I) ( o+ ©ctVma1 @ + @c1Vimar,c ( )
dVe wic Vi ec Ve
~ (an vy s (1 _ 2.5
dt (dinps + V) ( wic + 0ccVma1 - @1c + @ccVmac >

The total harvestable volume Vi iora 1s determined by adding the difference
between current and remaining volume of both successional groups: climax and
intermediate:

Vharv,total = Vharv,I + Vharv,C (26)
Vharv,X = VX - Vrem,X, X = 1’ C (27)

The stock—flow diagrams of the mangrove forest growth models are shown in
Figs. 2.8 and 2.9 for undisturbed forest growth and forest growth with logging
scenarios, respectively.



29

2.5 Systems Thinking in Action

[opoul 1S310J 9A0ISUBTI PaqINISIpuUN Ioj WeIserp Mog—yo0lS g *bid4

epuns uo emen

UBpuNs uo Uepung | ydeis emab uo epung

uepuns yium uol

BI09Y IO} Xew yoai awl} jeH

..\ —

emab uo emen)

1S90} @ AoiBuepy




2 Systems Thinking: System Dynamics

30

suonerado Sur33o[ Yim [opoul 15910J QA0IURW J0J WeISeIp MoPY—001S 6°C ‘Bl

LIEPUNS UO BMOS)

emab Yy uoned

1IEPUNS UO LIepung

} ydess emab uo lepung emab uo ema

15810} an0JBuep ﬂ @n




2.5 Systems Thinking in Action

Table 2.1 Parameter values of the model

Parameter description
Competition factor Gewa

Competition factor Sundari

Half-time reach maximum for Keora

31

Values

Gewa on Gewa =0.32
Gewa on Keora =0.32
Gewa on Sundari = 0.01
Sundari on Gewa = 0.68
Sundari on Keora =0.68
Sundari on Sundari = 0.99
3.65

Input to avert extinction 0.01

Maximum value for Gewa 80.0

Maximum value for Keora 196.11

Maximum value for Sundari 320.0
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Fig. 2.10 Simulated volume for undisturbed mangrove forest (Keora, pioneer; Gewa, intermedi-
ate; Sundari, climax)

2.5.3 Simulation and Policy Analysis

The parameters of the model were collected from secondary sources such as
reports, journal publications and personal communication with experts. The impor-
tant parameter values are given in Table. 2.1. The models were assessed for
structural consistency and both the model generate plausible behaviours.

The model was simulated to predict the forest stand of three major mangrove
species Sundari, Gewa and Keora of the mangrove forest in the Sundarbans.
Simulated total bole volumes of pioneer, intermediate and climax tree species for
undisturbed forest growth with time are shown in Fig. 2.10. Pioneer tree species
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Fig. 2.11 Simulated volume of mangrove forest for 16 years logging cycle (Keora, pioneer;
Gewa, intermediate; Sundari, climax)

(Keora) grows fast until a maximum volume of 160 m>/ha is reached at 25 years.
Because of light competition, these are suppressed by intermediate and climax tree
species and disappear after 80 years; by this time, the intermediate tree species
(Gewa) reach their maximum volume of 225 m’/ha. This is now inhibited by the
increasing appearance of climax tree species (Sundari) and decline until the forest
reaches a steady state after another 190 years. Here, the volumes of intermediate
and climax tree species are 80 and 320 m*/ha, respectively.

Simulated total bole volumes of pioneer, intermediate and climax tree species
for a logging cycle of 16 years are shown in Fig. 2.11. The first logging is practised
after the forest reached a steady-state condition. For the undisturbed forest growth
model, the pioneer tree species (Keora) disappears after a certain period due to
competition with climax and intermediate tree species (Fig. 2.10), but after a
logging operation, it reappears and if the logging operation continues at a certain
interval, the pioneer species never disappear (Fig. 2.11). The maximum volume of
the climax tree species for undisturbed model is 320 m*/ha, but for 16 years logging
cycle, it can’t reaches this maximum volume, rather than volume changes in cyclical
manner with a mean volume of 195 m*/ha with a maximum volume is 275 m*/ha.

When the logging cycle of 50 years is selected, the climax tree species reaches
its maximum volume, that is, the forest reaches to its steady-state condition before
each logging operation. Figure 2.12 shows simulated effects of 50 years logging
cycle. The volume of the pioneer tree species changes in cyclic manner with a mean
value of 10 m*/ha.

Figure 2.13 simulates the effect of 100 years logging cycle. It shows similar
effects of 50 years logging cycle. In both cases pioneer species develops a maxi-
mum volume of 15 m?/ha and then it disappears and reappears in a cyclic manner.
The changes in cyclic manner of intermediate tree species are small and remain
almost same for both 50 and 100 years logging cycle.
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Fig. 2.12 Simulated volume of mangrove forest for 50 years logging cycle (Keora, pioneer;
Gewa, intermediate; Sundari, climax)
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Fig. 2.13 Simulated volume of mangrove forest for 100 years logging cycle (Keora, pioneer;
Gewa, intermediate; Sundari, climax)

Here, simulated harvesting strategies are presented using system dynamics
model based on systems thinking. Simulated results show plausible behaviour,
and this model is able to reproduce the volume dynamics of succession groups of
the mangrove forest of the Sundarbans in Bangladesh. Simulated results for differ-
ent logging strategies show that short logging cycles affect the forest more heavily



34 2 Systems Thinking: System Dynamics

in terms of damage and the ability to regrow to a mature stand. So, longer logging
cycles are preferable to protect the mangrove forest. However, the maximum total
yield is achieved if medium logging cycles are applied, and this suggests that
medium cycle logging should be considered for economic and ecological benefits.
The simulated scenarios for different logging strategies demonstrate the potentiality
of the model for policy simulation and analysis.

Exercises

Exercise 2.1 What is meant by systems thinking? Describe the steps needed for
modelling and simulation of a dynamic complex system based on systems
thinking.

Exercise 2.2 What is problem identification? What are the steps to be addressed in
problem identification for developing a simulation model for policy analysis and
design?

Exercise 2.3 What is meant by dynamic hypothesis? What are the steps to be taken
into account to develop a dynamic hypothesis?

Exercise 2.4 What is causal loop diagram? What are the purposes of drawing causal
diagrams of a complex dynamics systems? Describe the steps to be followed to
develop the causal loop diagrams.

Exercise 2.5 What is stock—flow diagram? What is the basic difference between a
differential equation model and stock—flow model of a system? What are the
steps to be followed to develop the stock—flow diagrams?

Exercise 2.6 What are participatory systems thinking? What are the critical aspects
of systems thinking?

Exercise 2.7 Describe how participatory systems approach can be included in the
modelling and simulation in the example of the systems thinking in action.
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