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Ecology is fundamentally about Interactions
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Network are one type of model
What is a model? A” B |
AE.0
o } 'g ﬁg
natural system that captures —
its features essential for

A model i1s an abstract

(perhaps idealized), non-

addressing the modeling e
objectives. ~
Patten, pers. Com.

unique, description of a

X3 - 7,./ T

Ahl & Allen 1996

Formal Modeling Relation: Mapping

Q: What does the model tell you about the natural system?

Real World } Mathematical World

Decoding D
W foeodn
(prediction)

new Natural Formal ":[es
dgla. bh System System ?nfe,enm
observables Encoding E
\—’__J__/
{Observation and
Measurement}
Figure 1.5. The Modeling Relation Casti, 1992

This abstraction process is key fo model making.

Q: What do you include in the model and how do you formally represent ite
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All Models are wrong, some are useful

George Box, 1979

How do we know if our model is sufficient?

Classic Modeling Process

. * State project objectives
* Obtain background information

*  System conceptualization

— Specify model components, connections, and controls
— Specify model boundaries

+ Represent formally (Math)
— Construct diagram

g

fc
l:,v
|

%

— Write equations or algorithms

* Est. parameters, Init. Cond.’s and calibrate
equations with data

-

+ Implement model (encoding), simulate, and
analyze

+ Hvaluate model (verify, validate)

- CALBRATION =

+ Sensitivity/Uncertainty analysis

* Use and Revise.
Figure 2.1: The classical approach 10 the modeling process, showing he four basic

Fyws 81: Tho dunt it 50 vt o, o 90 b Recursive!

the faikre of & previous model. Haefner 2005

Also See Figure 1n_lackson et gl 2000
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Mathematical Model Anatomy
Bound the system of interest

(scale, level, space, time)
Identify & categorize

® Storages (M L2or M L3)
e currency (energy or matter)

Flows (ML2T!Tor M L3 T)
® processes that generate fluxes
Information Connections & Controls

Components, Connections, & Confrols — 3 C's of modeling
State Variables - describe the “state” of the system component, change in fime

* Aggregation problem —how to lump or split components
Driving Variables - force the system behavior, outside of system boundary
Auxiliary Variables - other variables of interest in the system (eg, growth rate)
Parameters - constant within a model, but may vary between systems
Constants - universal - don't vary across systems (eg Avogadro's number)

10
Alternative Models
Objecti Modeling as Search
Pty it I through the space of
/N. possible models
o | A | ¥ guided by
| Moselz “=Modein theory and data
: ; Model = Hypothesis2
~ e |
A -P" ---- o Hypothetico-deductive science
{
Evaluate Surviving Hypotheses
(Choose Best, e.g. simplest) Null model
. Neutral model
Figure 2.2: Another view of the modeling process, in which alternative hypotheses and
models are and tested Hoefner 2005
11
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Example: Conceptual Model Iteration

Objective

determine the relationship between different

strategies for stocking exotic salmon in the
Great Lakes and the concentrations of

potentially foxic contaminants in the salmon
and their alewife prey.

Consider
A. Simple model

B. Food web is key
C. Population structure matters

What conceptual structure is most useful
tfo address the research question?

uction

£ £ o

A Bloctees STOCKING
contaminants "
alewife chinook
prodation salmon
B STOCKING
alewife | e————— | Chinook
>< salmon
rainbow | % lake
smelt trout
C  alovife o

2+

salmon

Yoy

lackson et gl 2000
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Modeling Questions

How do we use models in ecological science?

What features characterize “good” models?

* How can we represent a natural process Nin a formal

system M?

* How can we compare two models of the same natural

process?

* How can we identify key features of a natural system?

How complex should a model be?

13
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What do these have in common?

| How e they different?

14

Neiwork Elements

a Relational Model

15



Network Models

Network models map relationships between objects

Networks are Graphs

G= {N, E} Adjacency

. Two nodes (7, ) are adjacent if there
® N =nodes~> ObJeCtS is an edge between them

= edges = relationship Adjacency Matrix
A= (ay) = ai; =1 ifi,j a(.ijacent,

Graph Matrix a;; =0 otherwise

01 0

1 0 1

01 0

16

Network Models

Network models map relationships between objects

Networks are Graphs
G =1{N, E}

@® N = nodes~> objects

Graph Variations

— E = edges 2 relationship

Graph Matrix
0 1 0
1 0 1
01 0

Newman 2003 SIAM

Typically Simple Graphs

One edge to/from each node, no loops

17
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3 Visual Cor“p\e;(iry' >
7~ Mapping Patterns of

Manuel Lima

MANUEL LIMA - VISUAL COMPLEXITY: MAPPING PATTERNA OF INFORMATION

Networks are
Everywhere

Manuel Lima
2011

18

Internet

G=1N, E}
Nodes

Autonomous systems
(computer groups)

Edges

Physical Internet connection

*...at the level of "autonomous systems”"—local
groups of computers each representing
hundreds or thousands of machines. Picture by
Hal Burch and Bill Cheswick, courtesy of Lumeta
Corporation. * Newman 2003

19
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Gene Regulatory Network

G=1{N, E}
Nodes
Genes
Edges

Directed regulation of
transcription of other
genes

As in Proloux et al. 2005. Network thinking in ecology and evolution

20

Zachary’s Karate Club
G =1N, E}
@ @ @ Nodes
@ @ @® C@ Individual people
% ® Edges
@ ® Friendships
® ® p
® (note as drawn its undirected and
® thus assumes friendships are
® @ o) necessarily reciprocal)
®°
®
Zachary 1977

21
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http://people.uncw.edu/borretts/courses/ena_workshop/Proulx%202005%20network%20thinking%20in%20ecology%20and%20evolution.pdf
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Sexual Contacts - HIV

®) V' G =1N, E}
Nodes
Individual people
Edges

Sexual Intercourse

Potterat et al. 2002, as in Newman 2003

How do the scientists get the data for this kind
of model? How reliable is the data?

22

Organization Charts: Comparison of Tech Companies

AMA Zon
S G=1{N, E}
N ) (/\ : Nodes
a'.})ﬂ,\uf.M}u(fu(z\.m.(m e People
"‘/"“’5"\" Edges
B P ‘g& 2/;;/\ Reporting relationships (control)
@)ﬁ/ R AS 1)
oRxGLE
s S [T What does the modeler
| ANR ,/,\‘ﬁ, | (cartoonist) want you to know
CRAMLAAECLRL AR about each company?

23

11



Describing a Network

4 Consumer

\ Detritivore

3

]

2

=

1 1° Producer

Detritus

G ={N,E}
Type of Graph = Simple, Directed

N=222E=277?

Number of Nodes (Vertices) n = 4
Number of Edges (Links)

L=6
Connectance or Density
C—£—£—0375 with |
T n2 16 g
L 6
C = 7’”(” — 1) = E = 05 No loops

Loop (aka selfloop)
Edge from a node to itself

Have not described patterns of connections

24

4 Consumer

\ Detritivore

3

]

2

BISES

=

1 1° Producer

Describing a Network: Pathways

Walk: a sequence of edges
1222>232>24>2>3
Walk length: the number of edges in the
sequence (5 in example)

Distance (Geodesic): the minimum path
length required to get from one node to

another. 0 1 2 1
oo 0 1 2
D= oo 1 0 1
o~ 1 2 0
Reachability

Diameter: the mean or_maximum distance

Cycle: pathway that starts and stops at the
same node

22322 or 2>32>4->2

25




5/2/23

3

Network Ecology

Study of ecological systems using network models

Borrett, Christian, Ulanowicz 2012
Encyclopedia of Environmetrics

26
Network Ecology
Study of ecological systems using network models and analysis to characterize
their structure, function, and evolution
7 4 Web of Science
Network Science 6
s
Network
Ecology 41
Network Ecolo N
9y Publications
(% of Ecology  ° 7]
Ecological Publications) s
Network
Analysis 17
o
T T T T T
1990 1995 2000 2005 2010 2015
Scharler & Borrett 2021 Year
Extended from Borrett et al. 2014 in Lau et al. 2017
Network Ecology is a large, and rapidly growing domain
27
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Diverse Topics

TOpiC Network Node: paper 29,513 publications (1900-2012) WOS
N Edge: term similarity >35% ¥

B g
o peliglegiope; R
Large degree of topic clustering;. but no single topic
dominates

Large topic diversity
B . ropuavon o
— "ﬂﬁ‘ Conse%::n. Forest

encrgy e 2

oA Modularity Score = 0.927

Borrett et al. 2014

28

Animal Behavioral Network Population
Social Network of Guppy Fish

oo

Node = individual Guppy Fish Poecilia reticulata (male, filled; female, open)
Edge = individual co-occurance in shoal

Conclude: Highly structured social system Croft et al. 2004

29

14
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Food Webs Community

Prey
(Detritus)

http://foodwebs.org Baiser et al. 2011

Nodes: Species, Trophospecies, Functional Group, or NL Resource

Edges: classically who eats whom

30
Mutualistic Networks Community
Plant-Animal Interactions
G =1N, E}
Nodes Bipartite
Graph
(a) Plant species
(b) Animal species
Edges
Pollination visit
") ;iymenop:em
Hetecoptera
Bascompte & Jordano 2007
Discovered re-occurring nested pattern
What causes this patterne Consequences?
31

15
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Genotype-Community
| L]

— 1
Nodes — Two Types Graph

A Tree Genotypes

B: Insect Species
Edges

Co-occurrence

Clear effect of tfree genotype on insect
community composition

Lau et al. 2016

32

Trophic Ecosystem Model Ecosystem

SC Oyster Reef Ecosystem (Dame and Patten 1981) “Compartment Models”

G =1{N, E}
L B Nodes

Ly Species, Functional Groups

- LIPS e I J Edges
- ™ Flux of energy kcal m™2 yr’!

: TN fo = 15076 RN
~enw | Degorsited g
n : o fom0sdy) | Depest =040

= 12060
X = 1000.00 —>| x=162M40

: .
thetam (AL :
: g f A

”.,,ms Microbiots Mesofana ST

X = M02140

33
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Urban Water Metabolism

Supplemental /

water inputs 3 -
from the —— l"“l gk
external Lo

environment

 ecological envirooment  /

Rainwatcr for recharging the -~

- «

Rainwater Sl
ol g Domestic
lymm/ Rainwater utilization '\"“"'

Fig. 1. A conceptual model of the water flows in the urban water metabolism.

G=1N, E}
Nodes: Economic Sector

Edges: Flux of water m?® yr (ot certain of time unit)

Ecosystem

Zhang et al. 2010

34

Habitat Networks

Animal movement across the landscape
G =1{N, E}
Nodes: Habitat Patches

Direct dispersal models
(only direct fluxes considered)

Edges: Species movement (dispersal)

.

Gatop (N, N, X, X)) - et
Sstep (1.1,1.1)

and i of the =

Fig. 1. of the
different connectivity models in a throe-patch system. The system
consists of a source patch S, a destination (target) paich T and a
patch U that may sct as & stepping stone facilitating dispersal
from S to T. Patch S is fully occupied up 1o its carrying capacity
by the focal species (with Ny individuals dispersing from S),
whereas U and T are initially vacant. The species may get estab-
lished in U or T if at least ky, or ky individuals are able to colo- At A

Spatial arrangement, patch quality

nize the patch, respectively. Many coanectivity models (Sdirect,
Gdirect) do not consider the potential role of U in facilitating the
colonization of T (a), which is accounted for in models Sstep and

Oftep Sirings shrecrs isalp 1 “Stepping Stones”

Landscape

Saura et al. 2014

35
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Trophic Cascades & Pollination

Pollinator

Figure 1| ion web the by which fish facilitate
plant reproduction. Solid arrows indicate direct interactions; dashed arrows
denote indirect interactions. The sign refers to the expected direction of the
direct or indirect effect (see the text). Figure numbers indicate which figure
presents data supporting each of the predicted effects. (Figure created by
S. White and C. Stierwalt.)

Combination

Presence of fish in ponds
decreases the fitness of
nearby plants

Linked food web and
pollination network

Knight et al. 2005

36

3

Ecosystem Networks for ENA

37
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to understand ecosystems...
will be to understand networks

Patten & Witcamp 1967 Ecology

Urbana, Illinois 61801, U.S.A.

J. theor. Biol. (1973) 41, $35-546 . .
1973 The Structure of Ecosystems Application
Bruce HANNON of
Energy Restarch Group, Input-Output
Center for Advanced Computation, .
University of Ilinols, Economlcs

SISTEMS VLVSES
(DSINLLITION
[V ErOLsGY

! -
v nm

Growth
and
Development

e Mg

55+ years of
Development

¥
Ecological
Network
Analysis

38

ENA Approach

Network Model

Construction
. Consumer |
] |
‘& Detritivore|
] . S v
Data ‘ 13 1 .
K led X ‘ i @ ANy System Insights,
Obsr;mteiogg’ -»> Knowledge,
b -
Experiments Understanding
Environment
Nodes = species, functional groups, non-living resources Scharler & Borreft, 2021
Edges = transfer of energy or matter by ecological process
39
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Model Details

1° Producer

Environment

f ey .|
1,2 —
: / Detritus

G =1iN, E}
Nodes

Species,
Functional Groups,

Non-living resources

Edges

Flux of energy (e.g., kcal m2 yr'!)
or matter (M L2or3 T'1)

Thermodynamically conserved tracer
process agnostic

40

Model Details

| e -
: e 1,2
(;~ <r— ] D

1° Producer

Environment

Node Names

F: Flows from ito j

z: Inputs

e: Exports

r: Respirations

y: Outputs (e + 1)

X: storage or biomass
Living: logical (T or F)

41

20
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Modeling Approaches

Phenomenological
Budget
«Simulation

Linear Inverse Modelling

42

Consider
What system do you want to modele
Why? Objective?
System Boundary?
What Nodese What Edgese What to include?

Units¢ Currency? How to parameterizee

43

21
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Oyster Reef Ecosystem Model

0 0
.36 0 424

0 191

0 0.33

25.16 Filter

Feeders

0.51
—> 69.24
Predators
0.33

1000
Deposited
Detritus

ocoCco

2000.00
58 1000.00
2.41
______________ 24.12
16.27
69.24

5.76 | Microbiota

= ’pl__\\ E
e §
a8
&3 -
a.—:z
e
N
I

(a) Graph Representation (b) Matrix Representation
a i‘_'-“_’ __________ 01579 0 0 0 051
] 0 0 817 7.27 0.64

0
0 1.21 1.21 0 — 1
°l  G={N,E

0 0  0.66

0 0 0 0.17
0 0 0 0 NOdeS
Outputs Species,
e 0 Functional Groups
5.76 0
r=1s5s| €= [o Edges
0.43 0
0.36 0 Flux of energy keal
-2 -1
TRUE m yr
FALSE
Living — | TRUE
WINE = | TRUE
TRUE
TRUE

Scharler & Borrett, 2021

44

Steady State Assumption
Throughflow (T))

Total energy—matter
entering or exiting a node

Significance & Interpretation

Node Activity
Node Power
GPP

A,

—>

el

@ steady-state

Input = Output

Storage or biomass is NOT changing

45

22



5/2/23

Network Documentation

* List methodologies for measured data used in the construction

phase

* Identify all literature sources and those from expert opinion used

in the calculations.

* List pre-and/or post-balance diagnostics, and adjustments that
were necessary to balance the network. This can include a measure
of divergence of the balanced model from the nominal model, which
flows adjustments were made, and how the remaining discrepancy is

justified.

 Publish final model flow information, for example include flow
matrices and vectors in appendices.

Scharler & Borrett, 2021

46

Network Software/Tools

Box 6

Summary of ENA software tools and model databases:

Software Source Reference

Netwrk 4.2 Available from RE Ulanowicz I 91
WAND No longer available

EcoNet http://eco.ener.uga.ed

Ecopath with Ecosim
MATLOD

Rpath

LIM

NEA.m

enaR
enaUncertainty
FlowCAr

LINX

Model Database

>100 ecosystem models distributed
with enaR

Ecobase

Available from RE Ulanowicz

ttps://github.com/NOAA-EDAB/Rpath

http: yitht
Part of enaR, ht
1ty

Source

Reference
Jorrett and Lau (2014

Scharler & Borrett, 2021

47
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0 Modeling Fundamentals

@ Network Elements

Network Ecology

Ecosystem Networks for ENA

WL A S/
WS

Assemble T/
Pieces b ?,{j
-k \'))J IEA\Y
¢ AN

24



Connectivity is Transformative

In these “complete” graphs,
the number of connections
increases much faster than
the number of nodes

Figure 2-1: Three clusters, with all connections drawn. The small cluster Constraint Of
has 5 members and 10 connections; the middle one has 10 members and -I-ro nsac TIO nc OSTS
45 connections; and the large one has 15 and 105. A group's complexity

grows faster than its size.
Shirkey 2008

How to lower the transaction cost?

50

Network Ecology

Study of ecological systems using network models and analysis to characterize
their structure, function, and evolution

7 4 Web of Science
Network Science 6
5 -
Network
44
Network Ecolo Ecology
9y Publications
(% of Ecology  ° 7]
Ecologicql Publications) s
Network
Analysis 1
o
T T T T T
1990 1995 2000 2005 2010 2015
Scharler & Borrett 2021 Year

Extended from Borrett et al. 2014 in Lau et al. 2017
Network Ecology is a large, and rapidly growing domain

51
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Diverse Topics

Topic Network Node:paper
N Edge: term similarity >35%

29,513 publications (1900-2012) WOS

R P RmanibyRate
Commundy
e e BEIoGLopS; RS
CRRRSIRG" Mo e ;
OergEAE™ -
s o Stream, River, Model Pr MI‘I\:.I%M
i ="
River, Flood, Water
Wateer, Systeen, Distrusion X
T g Lanipspie, S
Eyojution,
Con: on Forest
Envronment, UG w
M I
Energy.
m Govemance, Policy, Urban

Modularity Score = 0.927

Borrett et al. 2014

52

ENA Flow: Key Concepts & Metrics

Total amount of energy—matter entering
or exiting a node, T;

Node Activity, Node Power,
Centrality (Borrett 2019

Total System Throughflow = TST =X T

Boundary Direct

0.0 0.2 0.4 0.6 0.8

Proportion of Total System Throughflow

@ steady-state

& Input = Output /

Indirect / Direct

1.0 Indirect / TST

54
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ENA Applications

1999 Trophic Ecology ——

How and to what degree do e ol Pisiors

species indirectly influence each - Ulfa?:?:gr?rey:Alr t
€ Lase O c erican 1gator
other through the food web? 8

Cristina Bondavalli* and Robert E. Ulanowicz

Bi hemi . . . .
D e —— |How important is process coupling in
s biogeochemical cycles?

onan gen cycle by
network analysis

Impact of sea water intrusion on
ecosystem services

David B Hises" ", Jossicn A. Liva’, Boaghean Scag’, Craig B. Toblar',
Stuart & Boeren'

Urban Metabolism 2012

How sustainable are &ﬂﬂﬁm —

cities (materials & energy) AN | o a cue sy of viess Ausia oo
economies?

Shaoging Chan' 10 o Chen®'

ot
P TS, s
0 e i

55

Ecosystem Management

Ocean & Coustal Management 68 (2012) 169- 388

Contants lists available at SciVerse ScienceDirect X s

Ocean & Coastal Management

Integrating ecological, economic and social aspects to generate useful
management information under the EU Directives' ‘ecosystem approach’

Victor N, de Jonge*™*, Rute Pinto®, R. Kerry Turner?

intitue of Estuarine and Coasaal Soudbes ~ IECS. Universiy of Hul Hudl HUS 7RX, Ussed Ky Vol. 538: 257-272, 2015 MARINE ECOLOGY SERIES -
* Advice and Reseorch of Incuarine Aress, Necheriands ek 10.3354/meps 11502 Mar Ecol Prog Ser

* sttt of Merine Research ~ IMAR, Department of Life Sciences, Faculty of Sciences and Tey

* Centre for Sectal end Economic Research on the Glodal Envircament — CSERCE, University o

REVIEW

Role of trophic models and indicators in current
marine fisheries management

C. Longo'**, S. Hornborg?, V. Bartolino®, M. T. Tomczak®, L. Ciannelli’, S. Libralato®,
A. Belgrano®’

56
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Dominance of Indirect Effects
Hypothesis

Indirect > Direct

Consequences

Hidden relationships

Conservation

Indirect flows dominate direct flows in ecosystems

Indirect / Direct > 1

Alter species roles and who controls resources

Impact assessment and management implications

Higashi & Patten 1989

57

Temporal Dynamics in the Neuse

N Cycling Model

Christian and Thomas 2003)

[/ PN
* /" Bbiotic

~ Sed Y

Denitrification &
Burial

~ Borrett et al. 2006

Indirect/Direct

Indirect Effects

Sp S FWSpS FWSpS FWSpS FW
1985 1986 1987 1988 1989

Indirect Flows Dominate (1>D)

28
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Indirect Effects

Temporal Dynamics in the Neuse

Indirect/TST

Spring Summer Fall Winter ' yc1985 yc1986 yc1987  yc1988

Little Temporal Variation
Stablecorganization driven by internal processes
Borrett et al. 2006

59

Indirect Effects

Generalization - Dominance of Indirect Effects

50 Food Webs

£ F

Indirect Flows Dominate Direct in 100%

5
2
e
5
Q
£
£
El
5
k!

Borrett et al. 2016. J. Complex Networks]

Indirect Flows Dominate Direct in 70%

as and Borrett 2011. Ecological Modelling

to transform relationships,
to shift controls and impacts, and to modify
system growth and development

60
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Indirect Effects

Evidence supports the

Dominance of Indirect Effects hypothesis

Temporal stability of organization (Neuse)

General ecosystem property
- frophic < biogeochemical cycles
(perspective matters)

61
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Network Imperative

MATTER

Living Systems are

@JA @ ({;f\ ﬁ/fﬁ ENERGY

Exchange energy & matter

Schrodinger 1946; Jorgensen et l. 1999

Living Systems must form
exchange networks

A fundamental feature of life

White et al. 1992

30



