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Network analysis: HIV/AIDS an epidemiological example.
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Auerbach et al. (1984). Am. J. Med. 

• The possibility that homosexual men with the acquired immune 
deficiency syndrome (AIDS) had been sexual partners of each other was 
studied. 

• Of the first 19 homosexual male AIDS patients reported from southern 
California, names of sexual partners were obtained for 13. 

• Nine of the 13 patients had sexual contact with one or more AIDS 
patients within five years of the onset of symptoms.

• Four of the patients from southern California had contact with a non-
Californian AIDS patient, who was also the sexual partner of four AIDS 
patients from New York City. 

• Ultimately, 40 patients in 10 cities were linked by sexual contact. 
• The finding of a cluster of AIDS patients linked by sexual contact is 

consistent with the hypothesis that AIDS is caused by an infectious 
agent.
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Exoneration and RETRACTION!!!

• Evidence (molecular clock and tree analysis) that the HIV virus was 
already in the Caribbean in the early 1970s.

• The HIV-1 genome from the individual known as ‘Patient 0’ and found 
neither biological nor historical evidence that he was the primary 
case in the US (Worobey et al., Nature, 2016).

• Small sample size, and biased sampling. Therefore only examined a 
small cluster and not the true population. 



 The frequency distribution of sexual patterns generally follows a ‘power-law’ distribution 
(no modal hump) that appears linear.

 This distribution allows the spread of disease will low transmission rates. 

 However, a high level of clustering (with the specific social groups) can reduce the rate of 
spread (e.g. females).

 The structure of the network can tell us about: origin and cause; predict interventions           
(e.g. quarantine and vaccines).

 On the basis of six pairs of patients, a mean latency period of 10.5 months (range seven to 
14 months) is estimated between sexual contact and symptom onset.
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What is a network?

• Any collection of units which interact in a system.
• Any hierarchy of biological organization.
From genes and proteins, to organs and limbs, from individuals in a 
population to species in a community, to Facebook.



What is a network?

- Most rudimentary, it is represented by a set of uniform nodes connected by 
unidirectional edges

- Nodes are the biological end-point being measured (e.g. species).
- Can be directional (e.g. food-webs, metabolic pathways
• Edges represent some form of interaction: e.g. flow of energy, transcription 

control or species interactions.



Fundamentals 

• Nodes are represented by circles and squares
• Edges are represented by solid lines
• Nodes vary in degree between 0 and 4 (dark circle in Component A)
• There are 3 components of varying size
• Component B has a higher cluster co-efficient, because all sets of 3 

nodes are connected within a triangle of edges



Attributes of networks

• Network diameter, relative to the total number of nodes, is global 
measure of how integrated a network is.

• Smaller diameters relative to the number of nodes are said to have 
‘small-world’ properties, and often have highly connected nodes. This 
makes it possible to transverse the network more rapidly.



Attributes of networks

• Biological networks generally asymmetrical in node degree (not 
Poisson), there are many nodes with only 1 or a few connections, but 
there are also few nodes with many connections (long tailed 
distribution).





Co-occurrence networks

• Examine relationships between taxa (occurrence/abundance)

• Maximal information coefficient (MIC) : measures the dependence for 
two-variable relationships  (Reshef, et al., 2011 Science)

• MIC roughly equals the coefficient of determination (r2)
however, you can examine linear and non-linear relationships.

• Should be derived from >20 samples

• Many ways to visualize, I use Cytoscape





Co-occurrence networks

Nodes e.g. taxa or OTUs, nodes incorporated in the network’s 
topology likely contribute to the biocoenosis of the system

Edges: connect nodes based and consistently detected 

relationships represent potential associations of interest 

(derived from Maximal information coefficient (MIC) MIC). 

Edges represent potential associations of interest:

Positive-linear (e.g. synchronous, symbiotic)     

Non-linear (e.g. mutually exclusive) associations between taxa

Negative-linear (e.g. competitive, predatory)



Interaction diversity

Interaction richness = number of links (interactions in a network)

Interaction diversity = interaction richness/ number of species

Connectance = number of interactions / number of potential links, e.g. 
number of consumer spp divided by the number of resource spp.



Ecological relevance of interaction diversity

• Greater diversity may increase the rate of ecosystem processes.

E.g. In a mutualistic pollinator-plant networks, higher pollinator diversity 
can increase seed set (Hoehn et al 2008).

• Conversely, interference between consumers can out-weight 
potential complementarity effects, leading to decreased ecological 
function with increasing consumer diversity (Montoya et al. 2003)



Ecological relevance of interaction diversity

• May also stabilise the rate of ecosystem processes during periods of 
fluctuations in environmental conditions. 

• “Insurance hypothesis” (Yachi and Loreau, 1999), which ensures that 
multiple taxa perform a similar tasks, enabling one species to replace 
the ecological role of another (redundancy).

E.g. when a number of predators  attack a particular pest species.

• Another  view, greater connectivity increases a system’s susceptibility 
to a ‘domino effect’, with the loss of keystone species having 
outreaching effects on connected species. 



Robustness

• The relative insensitivity of a particular function/structure to change 
as a response to perturbations.

• This can be performed by removing or altering nodes.

E.g. removing a native spp can be used to measure the number of 
secondary extinctions and the fragmentation of the network into smaller 
components.

• Generally, removal of the most connected spp causes more 
secondary extinctions than a random species. 

• The implications are broad, as what traditionally denotes as a 
keynote species may not always be the case, e.g. the loss of a 
fundamental basal species may have catastrophic effects (energetic 
bottlenecks). 



Robustness
• Continual removal of nodes can result in the fragmentation of the 

network, where several modules operate in isolation or with minimal 
connectivity to other modules . 

• Empirical evidence is inconsistent, and can be complex. 
For example (Aizen et al 2008) found no change in connectivity after the 
introduction of an exotic species into plant-pollinator network, however, 
interactions among native species declined. 
• Sample size may be contributing to differences (Tylianakis et al 2010).



Nestedness

• Interactions are ‘nested’ when the species interacting with specialists 
are a proper subset of the species acting with generalists.

• In a nested network, if the specialist goes extinct the remaining 
species will still have others to interact with.

• Specialist are often the most vulnerable species (first to go extinct) 
(Henle et al. 2004). 

E.g. In a mutualistic network, if a specialized pollinator goes extinct, the 
plant it interacted with can still be pollinated by more generalist species. 

Therefore nestedness can provide a buffer from extinction or 
fluctuations in the population abundance of specialist.



Compartmentalization (modularity)

• Modules are subsets of an interaction network in which species 
frequently interact, but infrequently with species outside of the 
module.

• May be caused by co-evolution, e.g. long-billed pollinators and 
tubular flower, but also from other relationships (e.g. antagonistic, 
see Fontaine et al. 2009.

• Nestedness and compartmentalization do not have to mutually 
exclusive within a network.

E.g Networks can be highly nested with  compartments, yet highly 
compartmentalized.
• The relationship between nestedness and modularity is not well 

understood. 





South Alligator Dry 

South Alligator WetEast Alligator Wet 

East Alligator Dry



Estuary Season Nodes Prop of OTUs 
which were nodes

Edges

East Dry 696 53.1 9362

East Wet 1014 77.4 34775

South Dry 663 50.6 3709

South Wet 817
62.4

15544

•Connectivity was far greater in the wet.

•Larger proportion of OTUs were part of the network during the wet.

•Many nodes were highly connected

•A vast majority of relationships were positive linear, indicating symbiosis or 

synchronous relationships.

•Less 1 % of relationships were negative linear= competitive or predatory.
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Comparison between bi-domain compositional patterns and co-occurrence 
networks form estuaries of varying ecological condition (Sun et al. in review)

1. Examine the influence of anthropogenic activity (metals, organic 
contaminants and total organic carbon) on benthic (16S/18S) community 
structure (dbRDA- distance based redundancy analysis).

2. Compare networks from estuaries of varying ecological condition.
3. Examine whether anthropogenic activity alters bi-domain/uni-domain 

networks.



Samples (n=80) per estuary

Linear and non-linear relationships 
examined using MINE (exploredata.net)

Sequenced for 18S and 16S rDNA: data is 
merged for analysis

P-values calculated for n=80 (available 
from (exploredata.net)

P-values corrected for False Discovery Rate 
(FDR”): Benjamini–Hochberg 

Use cytoscape and plugins to visualize, 
network attributes for combined data, and 

16 and 18S independently. 

Corrected significant interactions and 
meta-data (including taxonomy) imported 

into Cytoscape



Number of nodes, interactions and 
types of interactions

Cluster co-efficient

Fracturing

Higher

Lower

Robustness (stability): 
removal of random or 
specific (e.g. keystone) 
nodes



• 8 estuaries

Networks:

Built from counts of the most abundant 978 OTUs 
(nodes) in each estuary, including 489 bacterial and 
489 eukaryotic OTUs.



Bacteria Eukaryotes

Explanatory 
variable

Pseudo-F P
Variation
explained 

Metals 3.8972 0.0001 7.8%
Latitude 2.8001 0.0001 5.4%
Chla 2.2750 0.0001 4.3%
Silt 2.3808 0.0001 4.3%
TOC 1.7566 0.0001 3.1%
PAH 1.3176 0.0204 2.3%

Explanatory 
variable

Pseudo-F P
Variation
explained 

Metals 3.3081 0.0001 6.7%
Latitude 2.9546 0.0001 5.7%
Chla 2.0202 0.0001 3.8%
Silt 1.8768 0.0001 3.5%
TOC 1.4627 0.0012 2.7%
PAH 1.2366 0.0308 2.3%



Estuarine network Port 

Kembla

Hunter 

River

Port 

Jackson

Georges 

River

Hawkesbury 

River

Karuah 

River

Hacking 

River

Clyde 

River

Social nodes 57.5% 62.9% 83.6% 55.9% 59.5% 64.2% 68.7% 67.0%

No. of edges 590 641 1872 1053 550 887 1852 1506

Intra-16S edges 20.5% 17.8% 14.6% 11.4% 20.0% 17.6% 49.0% 17.3%

Intra-18S edges 35.6% 36.0% 42.1% 67.2% 34.4% 34.7% 15.9% 47.0%

16S-18S edges 43.9% 46.2% 43.2% 21.4% 45.6% 47.7% 35.1% 35.7%

Strong positive 

edges
41.7% 34.6% 51.1% 46.7% 35.3% 39.0% 43.5% 41.5%

Strong negative 

edges
6.6% 8.7% 7.2% 4.5% 7.1% 4.5% 8.2% 3.3%

Network properties
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Correlation results between network connectivity and clustering, and environmental 
variables 

Network connectivity

(no. of network edges)

Network clustering 

coefficient

Rho (ρ) P Rho (ρ) P

Network with all associations

Total Organic Carbon (TOC) -0.7853 0.0279 -0.7665 0.0265

Metal mSQGQ -0.1905 0.6646 -0.3114 0.4528

PAH mSQGQ -0.2381 0.5821 -0.4072 0.3167

Network with inter-16S associations only

Total Organic Carbon (TOC) -0.7857 0.0279 -0.9524 0.0011

Metal mSQGQ -0.2381 0.5821 -0.5 0.2162

PAH mSQGQ -0.2143 0.6191 -0.4762 0.2431

Network with inter-18S associations only

Total Organic Carbon (TOC) -0.5868 0.1262 -0.5714 0.1511

Metal mSQGQ -0.1677 0.6915 -0.2381 0.5821

PAH mSQGQ -0.0244 0.9551 -0.2381 0.5821





Findings

• Both bacteria and eukaryote composition were significantly 
correlated with metals, PAH and Total Organic Carbon (TOC). 

• TOC is an important modifier of contaminant bioavailability. More 
TOC less toxic

• The topology of co-occurrence networks varied greatly among the 
estuaries (number of edges and clustering coefficients)

• Some estuaries were highly fractured

• No evidence that this was metal or PAH driven, but rather TOC 
driven

• TOC driven changes in connectivity were manifested within positive 
linear associations between 16S components, which are largely 
responsible for biogeochemical transformations. 



Findings
• TOC enrichment may be preferentially stimulating certain nodes of the 

network, which leads to fracturing, including modular formations that may 
have functional value. 

E.g. Organisms that utilize readily bioavailable carbon, such as sulfate
reducers, which in turn modify sediment biogeochemistry

• Although connectivity was conserved among estuaries with comparable 
TOC, only twelve OTU-pairs were observed in more that one estuary, with no 
OTU-pairs observed across all systems. 



Findings

• Community structure based on relative abundance and presence-absence 
data were similar (16S: Rho=0.987, P<0.001; 18S: Rho=0.974, P<0.001).

• This indicates that community changes were largely attributed to species 
replacement rather than changes in abundance.

I.e.  association between taxa A and taxa B can be substituted by an 
association between taxa A and taxa C.

• Even when there is a high degree of community turnover (e.g. contaminated 
systems), connectivity has the capacity to be conserved due to some level of 
functional redundancy occurring within the sediment’s microbial 
communities.

• The pivotal question on whether connectivity influence resilience remains in 
conjecture.



Overall conclusions

• While many aspects of network analysis remain unclear, compositional 
analyses alone may not be adequate to capture the complex community 
dynamics of a system.

• Therefore it may be being equally important to observe the interactive 
properties of a community.

• However, the approach is underpinned by theoretical responses  between 
topology and ecological consequences.

• As such, there is a great need to use empirical evidence to both support the 
current theory, as well as drive new theories within rigorous predictive 
frameworks.

• There are currently no established protocols for preparing the data (e.g. 
filtering) nor understanding of how networks vary across space and time (a 
whole area ready to be explored!!!)



Thank you!
Photo courtesy of the Ramaciotti 
Centre (UNSW)
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