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Biological wastewater treatment, 
a model system for microbial ecology

Major role in the 
protection of water 
quality and public 

health

Renewable source of 
freshwater in urban 
centres with scarce 

water supplies

Improving performance 
and stability

Complex microbial system:
• Hundreds-thousands of taxa
• Thousands of genes
• Trillions of Individuals 

(1010 cells/mL)
Source: https://decdeg.com/technology-vs-

singapores-water-shortage/
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1. Reductionist approach 2. Black box approach

Input
(X)

Output
(Y)

Y = 0.15 * X2.8

3. Ecological theory: An innovative approach to 
predict outcomes in complex microbial systems!

Limited 
cross-system 

relevance

How to understand complex microbial systems?
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Ecological theory can lead to innovations 
in wastewater treatment!

“Ecological theory helps us 
draw generalized conclusions from 
specific observations of organisms 

in their environment, 
by allowing us to classify, interpret 
and predict the world around us” 
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“Integration between theory and 

experiments is a crucial ‘missing link’ 

in current microbial ecology”
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Why disturbance effects on microbial communities?
Wastewater treatment and beyond!

Disturbance structures
ecosystems

Source: acer.disl.org

Pesticide Fertilizer

Antibiotic

Diet Chemical

Temperature
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Function

Structure

Assembly

Ecosystem services
Carbon removal, nitrification, etc.

Composition and abundances
Diversity

Underlying mechanisms 
Deterministic / Stochastic

Null models

PCoA1 (31%)

P
C

o
A
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(2
1
%

)

Ecological theory for microbial communities,
from assembly to function



8Recommended read: Pulsford et al. 2016 Biol. Rev. 91: 148-167.

Ecological theory of disturbance

Diversity and ecosystem function

Deterministic vs. stochastic assembly mechanisms

Intermediate disturbance hypothesis

Trait-based approaches: life-history strategies

Stability: resistance, resilience and recovery
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Disturbance

studiesXenobiotic

3-chloroaniline

(3-CA)

Organic loading 

shock 
(double COD)

Microcosm (20 mL)

8 levels, n = 3

Pulse and Press

Short-term (35 d)

Mesocosm (5 L)

2 levels, n = 3 - 4

Press (with acclimation)

Long-term (140 d)

Mesocosm (4 L)

2 levels, n = 3

Press (with acclimation)

Long-term (170 d)

Microcosm (25 mL)

6 levels, n = 5

Pulse and press

Short-term (42 d)

Studies using wastewater treatment bioreactors

Disturbance is 
multidimensional

Variability 
(replicate!)
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Ecological theory of disturbance @SCELSE

(under revision) 

Link to preprint

Link to publication

Link to publication

Link to publication

Link to publication

Link to publication

https://doi.org/10.1101/2021.08.02.454702
https://www.nature.com/articles/s41522-019-0079-4
https://journals.asm.org/doi/10.1128/mSystems.00471-20
https://pubs.acs.org/doi/abs/10.1021/acsestwater.1c00018
https://www.nature.com/articles/s41598-020-78314-1
https://sfamjournals.onlinelibrary.wiley.com/doi/abs/10.1111/1462-2920.14725
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Ecological theory: 
the intermediate disturbance hypothesis (IDH)

Connell (1978) Science 199(4335):1302-1310. 

Based on tropical rain forests and corals on tropical reefs.

Competition-colonization 
trade-offs

Not yet tested for 
wastewater treatment 

systems until…



12

r = -0.61

Diversity varied with disturbance frequency
reaching a parabolic pattern at d35

Disturbance: 3-CA addition at different frequencies.
Levels: 0: undisturbed, 1-6: intermediately disturbed, 7: press-disturbed.

Microcosm (20 mL)

8 levels (n = 3)

Pulse and Press

Short-term (35 d)

n = 3

Frequency

Santillan E. et al. (2019). npj Biofilms and Microbiomes 5:8.

https://www.nature.com/articles/s41522-019-0079-4
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Undisturbed (L0) and 
press-disturbed (L7)

Reproducible function

Consistent b-diversity

Low a-diversity

Intermediately 
disturbed (L1-L6)

Variable function

Variable b-diversity

High a-diversity

Trade-offs between 
diversity and function

D
et

er
m

in
is

m
Sto

ch
asticity

Relationship between diversity, disturbance 
and function in complex biofilms

Santillan E. et al. (2019). npj Biofilms and Microbiomes 5:8.

https://www.nature.com/articles/s41522-019-0079-4
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Ecological theory:
The Intermediate Stochasticity hypothesis

Santillan E. et al. (2019)

npj Biofilms and 

Microbiomes 5:8.

https://www.nature.com/articles/s41522-019-0079-4
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Testing the intermediate stochasticity 
hypothesis: assembly precedes structure

Santillan & Wuertz 2021 (under revision)

Microcosm (25 mL)

6 levels (n = 5)

Pulse and press

Short-term (42 d)

Disturbance: Double organic-loading fed at different frequencies.
Levels: 0: undisturbed, 1-4: intermediately disturbed, 5: press-disturbed. 16S rRNA gene (v3-v4) amplicon sequencing

https://doi.org/10.1101/2021.08.02.454702
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Function

Structure

Assembly

Ecosystem services 

Composition and abundances
Diversity

Underlying mechanisms 
Deterministic / Stochastic

What did we find?

More diverse ≠ Better function

Assembly precedes structure!

Santillan E. et al. (2019). npj Biofilms and Microbiomes 5:8.

https://www.nature.com/articles/s41522-019-0079-4
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Who are they?

How many of them?

Focus on traits: 

What are they 
capable of doing?

What are they 
doing?

Ecosystem 
function 
response

Classical 
community 

ecology

Trait-based 
community 

ecology

Ecological theory:
From community structure to traits

Santillan E. et al. (2019). Environmental Microbiology, 21: 3751–3764.

https://doi.org/10.1111/1462-2920.14725
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Ecological theory:
Three-way life-history strategies

S

C

R

Grime’s CSR life-history triangle:

Grime J.P. (1977) Am Nat.
Grime & Pierce (2012) Wiley
Grime J.P. (2013) Ann Appl Biol.

Maximize 
Fitness

Tradeoffs

Community aggregated traits:

• Link microbial communities to 
ecosystem function. 

• The whole is rarely just the 
sum of its individual parts.

Microcosm (20 mL)

8 levels (n = 3)

Pulse and Press

Short-term (35 d)
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Metagenomics sequencing: genus level 
Bray-Curtis dissimilarities

Santillan E. et al. (2019).
Environmental Microbiology, 

21: 3751–3764.

Community aggregated traits
(functional gene potential)p PERMANOVA < 0.001       p GLMMs = 0.015

Trade-offs in function and genes: 
community-level life-history strategies

Freq
u

en
cy

R

C

S

https://doi.org/10.1111/1462-2920.14725
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Press disturbance favours deterministic assembly with a 
shift in function and structure of communities

Santillan et al. (2020) 

mSystems 5(4): e00471-20.
Mesocosm (5 L)

2 levels, n = 3 - 4

Press (with acclimation)

Long-term (140 d)

Mesocosm (4 L)

2 levels, n = 3

Press (with acclimation)

Long-term (170 d)

Santillan et al. (2021) 

ACS EST Water 

1(6):1429–1437.

16S rRNA gene (v3-v4) amplicon sequencing data

p PERMANOVA < 0.001       p PERMDISP > 0.05
PCoA

Undisturbed
Press-disturbed

d

d

d

d

d

https://journals.asm.org/doi/10.1128/mSystems.00471-20
https://pubs.acs.org/doi/abs/10.1021/acsestwater.1c00018
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Resistance
Ability to withstand a 
disturbance.
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A

B

C

Disturbance

Time

Resilience
Speed of recovery from 
disturbance.

Recovery
Ability to return to 
prior conditions after 
disturbance ceases.

B > A

A = B

A > B

Ecological theory: 
Stability
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Stability can vary across replicated systems:
Resilience and recovery

Mesocosm (5 L)

2 levels, n = 3 - 4

Press (with acclimation)

Long-term (140 d)

Santillan et al. (2020) 

Scientific Reports

Resilience (b)

https://www.nature.com/articles/s41598-020-78314-1
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Ecological theory relevance for practitioners:
Feedback from SIWW 2021

Quote from Professor Glen Daigger, 
former chairman of the International Water Association

“Your work is interesting in terms 
of opportunities to out-select 
NOB’s, but I really like the fact 

that you are reflecting the 
variability of the response of 

biological systems […] The 
random and stochastic nature of 

these biological processes we 
work with”
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So, what does this all mean?

“MANAGING” MICROBIAL COMMUNITIES

Drawings adapted from @TwistedDoodles

Similar disturbance…
Different process outcome!?
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Better controlled microbial systems can help generate new theory 
that is also relevant to plants and animals.

The generality of established ecological theory can be tested using 
microbial systems for wastewater treatment.

Ecological theory helps us classify, interpret and predict the world 
around us.

Takeaways
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