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Agenda

1) Introduction to Networks and ENA/NEA (Fath)
2) Network Construction
3) Network Analysis in R: enaR (Borrett)
1) Introduction
2) Guided exercises to use the software
1) Exercise 1: Getting Started with enaR (use script to guide)
2) Exercise 2: “micro-modeling” – fictious 3-node network
3) Exercise 3: Comparing Models & Batch Processing
4) Exercise 4: Uncertainty analysis (if time allows). 

4) Network Applications (Fath)
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Outline

1) The modelling problem
1) from nature à concept à formalism

2) Systems Theory
3) Network Analysis
i. Structural Paths
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From nature to conceptual model: 
many assumptions, abstractions, 
simplifications

The Modelling Problem
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Sampling I: What is the abundance and distribution of 
species?

Identifying compartments
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Sampling II: How are they connected qualitatively?

Identifying connections

6



5/4/23

4

Sampling III: how much is flowing between compartments?

Identifying the controls:

Quantifying the network empirically or through simulation
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Adding other influencing (environmental) factors
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Biomass

From conceptual models (pictures) to equations
in principle this is an isomorphic mapping

Each compartment (state variable) becomes one equation

z1

z2 y2

y1

ΔB = input – output
Δt

ΔB = (z1+z2) – (y1+y2)
Δt

9
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Review: 4 Cs of modelling

� Compartments (X) = state variable [amount], measures a 
state of the system

� Connections (F) = flows of energy or matter [amount per 
time]

� Control (c) = parameter or function that controls the flow 
[(often) per time]

� Currency = the units of the model (energy, $, carbon, etc.)
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Qualitative conceptual models

� Identifying the boundary
� Defining the compartments/state variables
� Identify positive (reinforcing) and negative 

(balancing) feedbacks

� System structure: topology of transactions
� System function: quantification of transactions

12
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System
X

Input
z

Output
y

State transition function:

Response function:

𝜑: 𝑧×𝑋! → 𝑋!"#
𝜌: 𝑧×𝑋 → 𝑌
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Quantitative Mathematical models

� Generalization/abstraction of nature into a formal 
system

� Model contains hypotheses about how the system 
functions

� Gaps in data
� Gaps in understanding
� Sensitivity analysis
� Scenario analysis – “what if”
� Inverse model – how to reach a desired state
� Indirect linkages

14
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STELLA software (www.iseesystems.com/store/products/stella-architect.aspx)
Vensim software (https://vensim.com/)

� Dynamical systems simulation packages
� You draw the model structure and put in the initial 

conditions and parameters, and it solves the system 
of differential equations to generate the output

15

Why bother with modelling and 
systems approaches?
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Today’s problems largely stem from the 
solutions to yesterday’s problems.

Lack of systems perspective guarantees 
unintended side effects

17

Systems Theory

� “…is, strictly speaking, not a theory of 
systems, but of system-environment 
distinctions.” On Luhmann Moeller 2006, p. 
40

system

Environment“If you want to make an apple pie from scratch, 
first you must make a universe.” -- Carl Sagan

18

https://youtu.be/MSce39QSYVo?t=25
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why networks are important

Analyzing the network can help avoid unwanted or 
unexpected consequences.

If everything is connected to everything else, 
then how can we ever know anything?

20

2) Network analysis
� Represent systems as interacting components
� Used to identify and quantify direct and indirect 

effects in the system
� Many kinds of networks

21



5/4/23

11

H1 H2

Systems (networks) arise from the bonds 
between entities

z1 y1 z2 y2

y1≡z2
Identity constraint of coupling

22

Proposition 1 (Patten 1978):
Every object defines two environments

H
Hj

Hj

Hj

World-of-action

Hj

Hj

Hj

Hj

World-as-sensed

Input and Output Duality

23
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HInput Environment Output Environment

New perspective, object is focus of two environments

object

Environment

Old perspective, fragmentation between object and environment

Where it comes from? Where it goes?

24

Environ duality

� “The difference system/environment occurs twice: as the 
difference produced by the system, and as the difference observed 
within the system.” On Luhmann p. 68

� “Every object H defines two environments: an input environment 
and on output environment” Patten, 1978

HInput Environment Output Environment

25
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Proposition 1:
Every object defines two environments

H

Feedback
Function circles

Hj

Hj

Hj

World-of-action

Hj

Hj

Hj

Hj

World-as-sensed

26

Proposition 1:
Every object defines two environments

H

“Infinite regress”

Hj

Hj

Hj

World-of-action

Hj

Hj

Hj

Hj

World-as-sensed
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Boundaries and otherness

� “The prerogative of realization of 
internal system structure is that of 
environment.” Patten 1978, p.211

� “By constructing itself as a system, a 
system also constructs its understanding 
of the environment.” Moeller 2006, p. 
16

28

Hi

Hj

Hj

Hj

Output environ

Hj

Hj

Hj

Hj

Input environ

System

Environment

Proposition 2: Boundary separates the definable “environ” from the 
unknowable environment: A system is embedded in and open to its 
environment 

29
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Hi

Hj

Hj

Hj

Output environ

Hj

Hj

Hj

Hj

Input environ

System

Environment

Proposition 2: Boundary separates the definable “environ” from the 
unknowable environment: A system is embedded in and open to its 
environment 

FeedbackWe live in a world that is made of relationships –
Gregory Bateson

30

Casual Loop Diagrams
Comprised of balancing (−) and reinforcing (+) controls

31
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mode 3
dissipation

mode 2
recycle

mode 1
1st passage

system

H1

input
environ-
influencing

output
environ-
influenced

mode 0 – boundary input mode 4 – boundary output

Hi

Hi
Hi

Hj

Hj
Hj

Proposition 3: Environs form a partition of the system. 

32

Many different kinds of networks

33
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The Internet 
in 2005
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By Kencf0618 - Own work, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=17857442

Friendship ties 
on Facebook

Strength of weak 
ties (Granovetter
1973)
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McNerney et al., 2013

Economic Network – flows of money between industrial sectors of USA
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Cereal and meat trade in US

Figure by Nemi Vora
Cereals Meat

37
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38

Ecological Food Web
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Deposited
Detritus

x2 = 1000.00

Filter 
Feeders

x1 = 2000.00

Meiofauna

x4 = 24.12140

Microbiota

x3 = 2.4121

Deposit
Feeders

x5 = 16.2740

Predators

x6 = 69.2367

z1 = 41.4697

y4 = 3.5794

y5 = 0.4303

y6 = 0.3594

y3 = 5.7600

y2 = 6.1759

y1 = 25.1646

f26 = 0.3262f21 = 15.7915

f61 = 0.5135

f25 = 1.9076

f32 = 8.1721

f65 = 0.1721

f52 = 0.6431

f42 = 7.2745 f54 = 0.6609

f24 = 4.2403

f53 = 1.2060

f43 = 1.2060

Oyster Reef Model

Dame and Patten 1981 – flow is in kcal/(day m2), storage in kcal/m2
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Back to building models

1. Pick a system of interest to you
2. Draw the model
3. Identify all the parts/actors
4. Identify if they are connected
5. What are the relations between them?

Balancing or reinforcing?

42

Path Analysis – aij –
enumerates number of 
pathways in a network

Flow Analysis (gij = fij/Tj) –
identifies flow intensities along 
indirect pathways

Utility Analysis (dij = (fij – fji)/Ti) –
identifies utility intensities along 
indirect pathways

Ecological Network Analysis

Ascendancy– AMI –
average mutual 
information

Input-Output based approach Information based approach

Robustness – trade-
off of efficiency and 
redundancy

Pointwise mutual 
information – pairwise 
transaction assessment

43
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x1

x2x3

How to measure structure (topology) and indirectness 
Example – digraph to adjacency matrix
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Matrix multiplication gives
Higher Order (Indirect) Pathways

Am, where m > 1
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Powers of a matrix!!
The matrix Am gives exactly the number of walks 
between two nodes of length m.

A1 are the direct walks.
A2 are the walks that take two steps
A3 are the walks that take three steps, etc.

Notice that some elements which were zero originally get 
filled in.

In other words we have a way to identify the indirect, i.e., 
m>1, walks in the matrix, and hence in the graph.

46

x1

x2x3
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Higher Order (Indirect) Pathways

Am, where m > 1

What happens to aij as m à ∞ ?
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Flows are in kcal m−2 day−1; storages are kcal m−2. Dame, R. F., and B. C. Patten. 1981. Analysis of energy flows in an intertidal oyster 
reef. Marine Ecology Progress Series 5:115-124.
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MANY PATHWAYS FOR ENERGY/INFLUENCE TO TRAVEL!

10th order paths

20th order paths
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m 1à2 1 à3 1 à4 1à5 1à6

1 1 0 0 0 1

2 1 1 1 1 0

3 2 1 2 3 1

4 6 2 3 5 3

5 11 6 8 11 5

6 24 11 17 25 11

7 53 24 35 52 25

8 113 53 77 113 52

9 241 113 165 242 113

10 519 241 353 518 242

11 1113 519 760 1113 518

12 2391 1113 1632 2392 1113

13 5137 2391 3504 5136 2392

14 11032 5137 7528 11032 5136

15 23696 11032 16169 23696 11032

16 50898 23696 34728 50897 23696

17 109322 50898 74594 109322 50897

18 234813 109322 160220 234814 109322

19 504356 234813 344135 504355 234814

20 1083304 504356 739169 1083304 504355

aij(20)/aij(19) 2.147896 2.147905 2.147904 2.147900 2.147892

Number of paths of length m from compartment 1 to compartment i for the 
Oyster Reef Model.
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Adjacency matrix
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In ecological food webs

In-degree, Ai., measures the food sources

Out-degree, A.j, measures the # of predators

Dame and Patten 1981 – flow is in kcal/(day m2), storage in kcal/m2
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Back to building models

1. Re-examine the network you’ve drawn
2. Re-examine the relations between them?
3. Construct an adjacency matrix of the network
4. Analyze the path structure and indirect pathways

55

Path Analysis –
aij – enumerates 
number of 
pathways in a 
network

Flow Analysis (gij = fij/Tj) –
identifies flow intensities along 
indirect pathways

Storage Analysis (cij = fij/xj) –
identifies storage intensities along 
indirect pathways

Utility Analysis (dij = (fij – fji)/Ti) –
identifies utility intensities along 
indirect pathways

Network Environ Analysis

More to follow…
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THANK YOU FOR YOUR ATTENTION
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