Introduction to Ecological Models

& the Modeling Process
Bio 102, John E. Petersen

* QOutline:
— Scenario
— Detfinitions
- Types of models
— The modeling process
- Benefits of modeling




Scenario to Consider:

* Termites invade a fallen tree
* How will the biomass of wood & of termites change over time?

* What assumptions are you making?
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Goals of systems science

1. Understanding
2. Prediction

3. Management




How do we improve understanding?

1.

Choices reflect a balance between

. Models

Field studies

— Observational

— Manipulative A
/Realism’,

/Control®,

— Mental
— Conceptual

— Physical (living and non-living)
— Mathematical

/Realism’,

Control vs Realism vs Generality: Generality




Manipulative field studies

e.g. Paired lake and paired watershed studies

‘Peter and Paul’ lake study ‘Hubbard Brook’ watershed stud
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Advantages: Realism
Disadvantages: Control, replication, expense, feasibility



What is a Model?

* Model: abstract , simplified representation of reality
designed to answer a question or solve a problem

- Analogy, metaphor for reality
- Symbolic representation of relationships

* Goal today: provide an introduction to modeling
* Goal of Systems Modeling (ENVS340):

build a repertoire of modeling analogies | & - .y ghir
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Mental models

* Symbolic mental construct of reality
* Pros: Have stood us well over evolution

* Cons: Unreliable for systems with:

— Many variables i
- Feedback
- Time delays

Key features of
> environmental & social
systems in modern world on
- Large time and space scales _/  which we depend!

Our Five senses
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Niche Differentiation
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Feedback control 1s important in ecosystems

* Feedback: The returning of part of the output of a system
to be reintroduced as input (Webster’s)

— (+) feedback reinforces change
~ (-) feedback counteracts change

Causal loop models

(

Plant

ﬁ(

Resource uptake A

Competition A+B -
Mutualism o
Herbivory D

Predation S
-] Population growth F +

fungus
+
Plant B ‘%’0
Shared resources‘>

Nature of
feedback
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e.g. Feedback in a planktonic ecosystem

* Identify key exogenous and endogenous variables

Energy

Phytoplankton Zooplankton
)
=

>

Nutrients Available
Nutrients
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e.g. Feedback in a planktonic ecosystem

* Identify flows of matter and energy

Phytoplankton Zooplankton
MCE
= {;‘:}

Energy and material Outflows
inputs (“Forcing”) % 4

Nutrients I:> Available |:>

Nutrients
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e.g. Feedback in a planktonic ecosystem

* Identify causal relationships with loop diagrams

Phytoplankton Zooplankton
.................. ) i?
(o= O
Energy and material (+) \%
inputs (“Forcing”) (-)
(-) (+) &
(+)

Nutrients Available | " (+)

Outflows

Nutrients




Physical and biological models

* Experimental ecosystems (microcosms & mesocosms)
- “Bonsai ecosystems”
— The lab rats of ecosystem level research
— Advantage: intermediate level of control, realism and generality
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Mathematical models & Simulation

* Types (not exclusive categories):
— Analytical models
— Statistical models
- Box models (budget models)
— Stochastic vs. deterministic models
— Empirical vs. theoretical /mechanistic models

— Static vs. Dynamic simulation models dH. _ oy gebief
dt
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The language of dynamic simulation

* Stock = state variable:
- A component of a system that stores stuff
* Flow = input & output = rate of change = differential equation:

- The movement of stuff into or out of a stock

Stock

Population Size




Dynamic simulation

* Hypotheses regarding time-dependent relationships are
translated into mathematical relation
* e.g. Predator-prey dynamics (“Lotka-Volterra” model)

(+) Lynx
populatlon Change in hares = ddit = r=H - g=H=L
Change in lynx = % = g=W=H=L - m=L
Hare (-)

population
Hares Lvnx Hares
oL
3
births deaths <
o
c
2
©ﬁ£§ X =3
. Lynx\"C>
births deaths 0.00 - 25.00 50.00
Time (days)




Dynamic simulation

*Model simulation —
*Data from real system
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* Discrepancy - insight
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Experimentation and the modeling process

Management decisions
Experimentation, Qualitatiye
observation Experimental
design <
p J Conceptual
Real data Improvement ‘ model
Formalizatioy; Improvement
. Mathematical
Comparison d_Observeo_I Improvement del Informed
iscrepancies orediction
Simulation Prediction
Model . What if
output Informed prediction | questions
(After Gérardin 1968 as cited in Keen and Spain 1992)




Model building (an 8-step program):

® N U AW NS

Identification of research problem
Conceptualization

Formalization

Calibration

“Validation” (verification)
Sensitivity analysis

. Experimentation/Prediction

Translation back to real-world
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1. Identification of research problem

* Observe reality
* Organize information

* Identity and carefully articulate a question of interest




2. Conceptualization

* Develop hypothesis based on problem

* Define the system of interest (build conceptual model)
- Develop simplifying assumptions

— Operationalize Real
* Define state variables (stocks), flows and and currency(s) System

* Identify feedbacks
- Define system boundaries and forcing functions




2. Conceptualization
* Identity appropriate level of detail (abstraction)

- What minimum degree of complexity answers question?

* “Perfection is attained not when there is no longer anything to add, but
when there is no longer anything to take away” (St. Exupéry)

144

* “The best explanation is as simple as possible, but no simpler.” (Einstein)
* “Seek simplicity.... And then distrust it” (Whitehead)

A
~ N

Model
Usefulness &
Predictive
power

Model complexity



3. Formalization

* Translate conceptual model 2 mathematical model

* Identify numerical relationships governing each flow
* Select numerical values for model inputs

* Develop (and debug) computer code

* Document work
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4. Calibration

e Alter model structure and coefficient values so that
output conforms to data observed in real system

* Modify conceptual model and equations as necessary

Conceptual
model
Calibration data S?;Z'

Improvement

Real data \ P

i Mathematical
Comparison | Observed Improvement |
discrepancies model
Model Simulation

output




5. “Validation™ (verification)

* Use independent data set (i.e. not the one you used for
calibration) to test the models ability to predict dynamics

Conceptual
model
Validation data S?;Z'

Improvement

Real data \ P

i Mathematical
Comparison | Observed Improvement |
discrepancies model

output




5. “Validation™ (verification)

* Sources of observed discrepancies

— Theoretical basis is wrong

— Conversion of theory to mathematics is wrong

— Errors in writing the computer code

— Failure of numerical techniques

- Experimental data on “Real system” are wrong

Validation data

Real data

Comparison

Model
output

Real
Syste

Observed

Improvement

discrepancies

Simulation

-

Mathematical
model




6. Sensitivity analysis
* Systematically vary values of model coefficients, forcing
function, and initial conditions
* Sensitive parameter:

- %change in model output >> %change in coefficient value

e Variables to which model is sensitive deserve examination
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/. Prediction

e Use model to conduct “what if” scenarios

O H
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dH

dt
dF

dt

= r*H - g*H*F

= g*W*H*F - m*F




8. Translation

Management decisions

Real
Experimentation, System Qualitative
quantitative observation
observation Experimental
design <
p J Conceptual
Real data Improvement ‘ model
Formalizationmprovement
: Mathematical
Comparison d_Observed_ Improvement Informed
iscrepancies orediction

Model
output

Simulation

Informed prediction

Prediction

What if
| questions

(After Gérardin 1968 as cited in Keen and Spain 1992)




Some truths about models

O1 G

Fundamental (and unique) to human existence
Connected with a view point and/or objective

All models are wrong, some are useful (W.E. Deming)
No model is ever complete (]. Hawkings)

Reality is not fully knowable through observation =
We have no choice but to model!

I
vy
i
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10 things simulation models are good for

Improving rigor of mental and conceptual models

Organizing, summarizing and integrating our understanding
Forcing us to identify our assumptions

Identifying gaps in knowledge

Providing a medium for communication

Elucidating dynamics resulting from time-delays and feedback
Improving our ability to interpret empirical data

Conducting experiments that are impossible in nature

Y 0N oUW =

. Predicting the future
10. Understanding!
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Scenario to Consider: Termites on log

* What are the stocks?
— Amount of wood and termites (biomass or #)

e What are the flows?

- Wood outflow: consumption
— Termite inflow: eating (or births),
Termite outflow: respiration (deaths) g 5
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=
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Thinking in stocks: Practice

 For each of these stocks, draw at least 2 two associated
flows:

- Bank balance
— Skills
— Ambition

* Identify at least two stocks and companion flows
associated with OC

Stock

—@= HO—r

Flow in Flow out




Thinking in stocks and flows: Practice

* Mentally simulate the following:

Flow

Stock
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=
(@)

O—@

Flow

Stock
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Time



Thinking in stocks and flows: Practice

* Mentally (and conceptually) simulate the
following:

Flow

Stock

j={>@ E Time

Flow

Stock
~J

Time






Introduction to Modeling Lab:
Causal Loop & Stock and Flow Models

Bio 102

* QOutline:
- Objectives
— Brief review of concepts and lab prep assignment
— Building models in STELLA!
— The modeling process
- Benefits of modeling




Learning objectives for today’s lab

el [

Concepts and terminology
Importance of feedback and how to use causal loops
Conceptualizing world as stocks and flows

Experience building dynamic simulation models of
populations growing with and without constraints




Causal-loop models
* Feedback Control

» (+) feedback reinforces change
> (-) feedback counteracts change

Bank (+ i)Termite

(*) Balance opulation
T it
Interest  + B o Tree ()
Added/month Biomass

(+)

Births (*)

Nature of
feedback

Resource uptake A -

Process

S0

Predator Competition A+B -
Mutualism G
Herbivory B =

Predation E -
Population growth F  +

Mycorrhlzal QE
fungus
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Stock and Flow Models

* Stock = state variable:
- A component of a system that stores stuff
* Flow = input & output = rate of change = differential equation:

- The movement of stuff into or out of a stock

Stock

Population Size




Causal-Loops = Stocks and Flows?

Termite

Bank (+ })
(+ )Balan ( opulahor)
Fox
Termite (+)
Interest ( + > )Populatlon Bi L populatlon
Added/month 10mass
Births (+) Hare (-)

population

Bank Balance

:@:D

Interest




Causal-Loops = Stocks and Flows?

Termite

Bank (+ l’
(+ )Balan ( opulatmr)
Fox
Termite (+)
Interest ( + S )Populatlon Bi - populatlon
Added/month 1omass
Births () Hare. (-)
population

Termite Population

~
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Births




Causal-Loops = Stocks and Flows?

Bank (+ Termite
(( )Balan ( 1’opulatlor>
Fox
Termite +
interest( + (+)P0pulat10n BTree (-) (p()qulation
Added/month 10mass
Births () Hare (-)

Termite Population population

Tree Biomass




Causal-Loops = Stocks and Flows?

Bank (+ Termite
(+ )Balan ( 1’opulatlor>
T t .|. FOX
et P aaosz?;;zn ‘
Added/month Blomass
Births (+) Hare (-)

population

Hare




Building models in STELLA!

o From the Start Menu, open STELLA S sTetLasis

Population Size

Births Deaths



