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Complex systems: 

• A collection of microscopic parts (e.g. particles, individual 
plants, sediment grains).

• Characterised by the dynamical relations between these 
parts which forms the behaviour of the whole.

• The individual fate of these parts is intractable at system 
scale, because each individual’s trajectory is too contingent. 

Connectivity & Complex Systems



Connectivity & Complex Systems

Framework for understanding complexity

The three dimensions of complexity: 
(i)     spatial heterogeneity
(ii) organizational connectivity
(iii) temporal contingencies. (Cadenasso et al, 2006). 



• Relatively simple local interactions lead to emergent behaviour.

• The interactions and changing relations between system 
components are thus critical to the development of emergent 
behaviour.

• Connectivity: a potentially useful tool for the study of system 
properties that lead to behaviours characteristic of complex 
systems

Connectivity & Complex Systems



• Connectivity:

Geomorphology, neuroscience, ecology, sociology…..

• Conceptualisations/operationalisations of 
connectivity have evolved largely within disciplinary 
boundaries.

• Similarities in the concept of connectivity and its 
application among disciplines are also evident. 

Connectivity & Complex Systems



5 key challenges in using 
“connectivity” as a way to understand 

dynamics of complex systems:

1. Fundamental units for the study of 
connectivity

2. Structural and functional conceptualisations 
of connectivity

3. Emergent behaviour

4. Memory effects

5. Measuring connectivity



• Defining the fundamental unit – crucial!

• Depends on the conceptualisation of connectivity 
and the system in question

- Connectivity of processes

- Connectivity of structures

• What are the [natural] scales at which it is 
conceptually robust to work at?

1. Fundamental Units



• Not straightforward to define in some disciplines, more 
commonly agreed on others.

• How do fundamental units relate to the structural or 
process boundaries of a system?

• Definition of fundamental units often depends on the 
question being asked (i.e. if it’s based on process scales 
or structural scales).

• Depends on the perspectives of the researcher.

Fundamental Units



• The appropriate fundamental unit depends on 
the question being asked:

e.g. For migrating birds: 

Parasite on a bird

Flock of birds

Mating birds

Fundamental Units
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Hillslope/plot

Reach of a river

Differences 
in scale
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Functional/Process Units



• Structure (network architecture)
– Level of spatial connectivity
– Derives from the system’s anatomy

• Function (dynamical processes) 
– Nature and configuration of dynamical processes
– Inferred from the system’s dynamical processes

• Often studied separately 
– Logistical and mathematical challenges of dealing with 

them simultaneously

2. Structural & functional connectivity



Structure always affects function (Strogatz, 2001), and 
function often affects structure

• Structure (network architecture)
– Level of spatial connectivity
– Derives from the system’s anatomy

• Function (dynamical processes) 
– Nature and configuration of dynamical processes
– Inferred from the system’s dynamical processes

• Often studied separately 
– Logistical and mathematical challenges of dealing with 

them simultaneously

Structural & functional connectivity
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Turnbull et al., 2008; Ecohydrology

Structural & functional connectivity



Scale: degree of connectivity observable within a system will 
depend on the scale at which the system is studied.

Structural & functional connectivity

A single, well-defined 
flow line passes through 
an area of observation. 
It’s magnitude is 
decreases with inc. in 
obs. scale  

Disconnected flow paths 
are attenuated and 
omitted as obs. scale 
incs.

Wainwright et al, 2011



Scale: degree of connectivity observable within a system will 
depend on the scale at which the system is studied.

Structural & functional connectivity

A single, well-defined 
flow line passes through 
an area of observation. 
It’s magnitude is 
decreases with inc. in 
obs. scale  

Disconnected flow paths 
are attenuated and 
omitted as obs. scale 
incs.

Connectivity becomes an internal 
process (one that cannot be 

directly evaluated) rather than a 
defining characteristic of the 

system.



• Timescales of structural and functional connectivity:

• The timescale at which connectivity is studied can alter our 
perceptions of the structural-functional connectivity 
relationships.

• In many (if not most) systems structural connectivity evolves over 
time
- Separation of structure from function is artificial
- Subjective decisions made about the conceptualisation and 

operation of a system that allow this separation to be made. 

- At what time scale does change in structural connectivity 
become dynamic?

- At very high timescales are we really talking about structure 
rather than function?

Structural & functional connectivity
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• Why do we separate structure from function?

• What are the gains that can be made by making 
distinctions between structural and functional 
connectivity?

• What are the losses in our potential understanding of 
the system that arise due to these separations?

• The balance between gains and losses will depend on 
the timescale of interest compared to the rate of 
evolution of system structure.

Structural & functional connectivity



• Simple local interactions lead to phenomena 
observable at larger spatial scales

3. Emergent Behaviour

Local interactions between components

Emergent global properties 
and behaviour



• Is functional connectivity an emergent phenomena -
under the constraints of structural connectivity?

• Can’t be understood fully without consideration of 
structural connectivity?

• Structural connectivity is also emergent, but under 
the constraints of functional connectivity?

Emergent behaviour



• Is emergent behaviour truly emergent?

• Is it the result of one’s inability to see emergent behaviour as a 
logical consequence of inadequate description (in the real world 
case)/system description (in the modelling case) 

Emergent behaviour

Local interactions between components

Emergent global properties 
and behaviour

? ? 



• The imprint that function leaves on the 
structure of a network/system

• In systems that develop over time, prior states 
will affect present states (memory effect)

• (analogous to learning in systems theory)

4. Memory Effects



• Memory develops over time

• Erosion of memory via high magnitude 
perturbations to a system

• Whilst systems effectively “learn” through 
developing memory, they can also be made to 
forget.

Memory Effects



• Make assumptions about what should be 
measured and where it should be measured

• Clear definition of the fundamental unit and 
scale of interest is required. 

• Depends on how distinctions between 
structural and functional connectivity are 
made. 

5. Measuring Connectivity



• Structural connectivity

– Quantifying structure/spatial level of connectivity

• Functional connectivity

– Observations of process

Measuring Connectivity



• Incorrect assumptions about dominant scales 
of key processes could mean that 
measurements of these key processes leading 
to connectivity may be missed. 

• Key structures that lead to structural 
connectivity and allow for the emergence of 
functional connectivity need to be recognised. 

Measuring Connectivity



Disciplinary Perspective:                        Geomorphology

Fundamental Unit
• Varied, depending on research question: 

catchment, hillslope, plot

Structural & functional connectivity
• A distinction is generally made between structural and functional 

connectivity. 
• Structural – how landscape units (at multiple scales) are linked to 

one another/spatially configured
• Functional – way in which processes operate within a structurally 

connected landscape. 

• Recent criticisms are that structural and functional connectivity 
can’t be separated in a meaningful way because of inherent 
feedbacks between them.



Disciplinary Perspective:                        Geomorphology

Structure-function feedbacks

Wainwright et al., 2011

t = 1 t = 2 t = n

Function

Structure



Disciplinary Perspective:                        Geomorphology

Emergent behaviour

e.g. The formation of sand 
ripples and dunes, and 
the formation of 
vegetation patterns.

Modelling tools: 
• More flexible models – ones able to represent the dynamics of change over 

more than just spatiotemporal snapshots
• Challenge: the mismatch between temporal scales of  processes, which are 

typically short term, and degradation scales, which are typically long term, and 
the feedbacks that exist between these two sets of scales.

• If a model is rich enough in structure, model outputs will emerge as result of 
the dynamic interaction of different model rules, initial conditions and 
environmental constrains. 

• BUT models where outputs can be directly imposed by the equations or rules of 
the model and are therefore incapable of representing emergent properties.



Disciplinary Perspective:                        Geomorphology

Stewart et al 2013, Ecological Monographs
• Model allows for interactions 

between different vegetation types
and resources. 

• Vertical and lateral connectivity are
key emergent properties of the 
ecosystem

• Modelling approach allowed 
insight into the process of land 
degradation based on interactions 
and feedbacks between different 
parts of the system across multiple
spatial and temporal scales.

Grass biomass Shrub biomass

Emergent behaviour



Disciplinary Perspective:                        Geomorphology

Memory effects

Bracken et al., 2015

• High mag. events lead to connected sed. transport
• System is then reset and it takes time for sed. to accumulate 
• Successive high mag. events don’t always generate connected sed. transport due 

to memory effects.



Disciplinary Perspective:                        Geomorphology

Measuring connectivity

• Over what temporal scale should sediment connectivity be 
assessed (i.e. what constitutes a relevant event)?

• Defining the temporal scale of an event is dependent upon 
the process in question (lack of consensus).



• Functional properties of the brain can be expected to 
emerge form the organization of (excitable) dynamics on 
the network of neurons. 

• Network research employs the formal view of graph 
theory to understand the design principles of complex 
systems.

Disciplinary Perspective:             Brain Network Science

Hutt et al., 2014Examples of different network topologies



• Functional properties of the brain can be expected to emerge from the 
organization of (excitable) dynamics on the network of neurons. 

• Simple model of biological neurons: Network consisting of nodes that can change 
state from: Excitable  Excited  Refractory (SER model)

• Network architecture dictates features of the resulting waves of excitation 
around hubs. 

Hutt et al., 2014

Disciplinary Perspective:             Brain Network Science
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Disciplinary Perspective:             Brain Network Science

Network architecture 
dictates which directions 
links are used – even in 
undirected architecture



Structural and functional connectivity

• Structural connectivity – brain network connectivity derived from anatomical 
data (on the level of individual neurons or cortical areas)

• Functional connectivity – relation among nodes inferred from the dynamics. 

Emergent behaviour

• Formation of waves around hubs.

Measures of connectivity:

• Wide range of descriptors are used:

• “Connectivity” refers to density of links in a graph

• Average degree (no. links/no. nodes)

• Patterns of connections within a graph (e.g. clustering coefficients, 
centrality measures)

• Other global characterizations.

Disciplinary Perspective:             Brain Network Science



• Should weighting be applied to network architecture to 
introduce heterogeneity and help understand the response of 
different units and pathways? 
• Weights may help to overcome some of the simplifications used in 

network analysis (also in ecology).

• By using weightings some network analysis tools  (e.g. defining degree 
distribution) can no longer be used. 

• Issues of how to parameterise weights

Structure/function relationships

Disciplinary Perspective:             Brain Network Science



The understanding of neural activity patterns is linked to an 
understanding of how the brain’s network architecture shapes 
dynamical processes.

Fundamental Unit 

• Geography of the brain is very fixed – clear boundaries 
between areas. 

• Fundamental units are fixed by anatomy, but the brain can 
create new units that are emergent properties of old ones (i.e. 
in response to an injury or learning).

• Central focus: relationship between structural connectivity 
and functional connectivity.

Disciplinary Perspective:                                   Neurology



• Dynamic interactions between 
functional areas: ordering is 
important:

Stimulus High road/low road Response

• The route taken in the brain may vary in schizophrenics – they show no feedbacks 
between different parts of the brain.

• In Alzheimer's patients certain hubs in the brain feature more prominently. 

Disciplinary Perspective:                                   Neurology



Measuring connectivity:
• Brain network connectivity is derived from anatomical data. 

• Functional connectivity is the relationships between nodes  inferred from dynamics.

• Technological advances improving measurements of brain connectivity (range of techniques 
used):

• MEG (magnetoenephalography)
– measures the minute magnetic fields on the 

scalp of a subject that are created by electrical 
activity of neurons in the brain.

• fMRI (functional magnetic resonance imaging)

– A type of MRI that enables examination of changes in 
blood flow to local parts of brain, which provides an 
indirect measure of brain activity.

– Changes in brain activity occur when a subject performs 
a movement or responds to stimulation.

Disciplinary Perspective:                                   Neurology



• MEG

• fMRI

Practical application: the 
level and pattern of activity 
can be altered in a person 
with a brain injury such as 
stroke or in response to 
therapies that improve 
motor function. 

Research using these 
technologies enables better 
characterisation of the 
relationships between 
changes in brain activity and 
recovery of movement after 
stroke.

Disciplinary Perspective:                                   Neurology



• Measuring connectivity:

– Look at how changes in each area of the brain 
correlate with each other. 

– Use of circular statistics for current density can tell 
them which way a current is flowing in (direction 
of connectivity).

Disciplinary Perspective:                                   Neurology



• Fundamental unit: different types of connectivity 
tools/approaches may be required depending on 
whether not the fundamental unit is structural or 
process-based (and thus may change in size).

• Structural & functional connectivity: What do we 
gain/lose through separating them? 

• Emergent behaviour: When can/do we have 
connectivity that isn’t emergent?

Summary



System memory
• Memory imprinted on many systems through 

structural-functional feedbacks

• Measuring connectivity
– Across multiple disciplines we all infer functional 

connectivity from our measurements.
• Correlation analysis/circular statistics
• Measurements of system dynamics

If “connectivity” is a framework for understanding, do we 
actually need to measure connectivity?

Summary



• Hierarchical relationships:
– A useful way to deal with scale (widely used in 

ecology)

– Boundaries occur where sharp gradients exist

– Hierarchical networks
• E.g. a module  network

• A network could be one dot in a higher order 
relationships.

Summary



• In neuroscience and ecology connectivity is used to understand things 
better. 

• In geomorphology it’s unclear how much we’ve actually learned using the 
concept. 

• Can we bring the tools and approaches used by others to geomorphology?

Summary

• Different regions within catchments as 
modules?

• Different process functions as 
interconnected networks?



• How does connectivity affect resilience – how 
robust are our networks?

• Robustness against link removal, or link addition 
 implications for environmental management?

• Are there certain points where we can 
add/remove links to increase network robustness 
(e.g.in food webs there are certain nodes you can 
remove to increase robustness)?

Summary


