
Individuality and population variation
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Landscape model
● Concept
● Relevance 
● Criticism
● Alternatives
● Modeling & visualization

Falony et al. 2016

Costea et al. 2018

Shetty et al. 2017



Cross-sectional 

population (cohort) studies

Prospective 

long-term follow-ups

Longitudinal

ecosystem dynamics

Case-control & Intervention

targeted experimental testing

Common study designs



Cross-sectional

Flemish Gut Flora (Raes Lab)

FINRISK (THL)

HITChip Atlas (Wageningen
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Data: Vaginal microbiota time series from 32 women. Gajer et al. 2012 

Longitudinal



15 year prospective view (Finland / FINRISK2002)

2002 ~7000+ stool samples: omics 
and clinical measurements.

2017 comprehensive health 
information from Finnish registers

15+ year follow up

With: Teemu Niiranen, Veikko Salomaa, Rob Knight, Mohit Jain, Mike Inouye, Aaro Salosensaari, Ville Laitinen, and others



Case-control & 
Intervention



The importance of research question

● Questions guide experimental design
● Exploratory analysis of earlier data can be 

useful for hypothesis generation





HITChip 
(N = 1006)

Gut microbiota landscape
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Kernel density estimates & Parzen windows
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Bacteroides splits in
two subtypes
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(Vandeputte et al. Nature 2017)
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Total explained variation: 16.4%

(Flemish Gut Flora Project)

Falony et al. Science 352, 2016.
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Proposed disease marker genera associated to host covariates and 
medication - inclusion in study design is essential !  



14 / 59Data: Gajer et al. 2012 

Vaginal microbiota 
landscape



Towards a dynamic landscape model of the microbiome

Gradients of change on HITChip PCA landscape
(1006 cross-sectional + 78 longitudinal profiles)

Falony et al. (2016) 
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Data: Lahti et al. Nat. Comm. 2014 
Fig. Shetty et al. FEMS Microbiol 
Rev.. 2017

Prior info from 
background cohorts & 
pooling evidence across 
individuals



External 
perturbations
(push & pulse)

Internal 
dynamics and 
multi-stability

Immigration

Stochasticity

Memory
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Key sources of microbial ecosystem variation



Community types could stratify individuals:

densely populated areas of the community landscape
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Microbiome diversity and age: 
healthy & normal obese subjects (HITChip Atlas)
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P
R/F

B/O

Dominant genera:
Prevotella
Ruminococcus / Faecalibacterium 
Bacteroides / Oscillospira

Low diversity 
samples





Zooming in: sub-ecosystem variation



Lahti et al. Nat. Comm. 5:4344, 2014



Sub-ecosystem variation?
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Dialister spp.
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Tipping elements
Bistable taxa: 
Prevotella, Dialister, 
Clostridiales..
(N=1006)

Independently varying 
sub-communities

Ecosystem states are rich combinations 

of  independent tipping elements ? Lahti et al. Nat. Comm. 2014



27





Tipping elements of the human gut microbiota: Uncultured Clostridiales I
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Lahti et al. Nat. Comm. 5:4344, 2014



Bias is everywhere
● Absolute abundances cannot be determined
● Relative abundances are biased
● Each step from experiments to analysis adds 

noise

→ Experimental design & validation!



Dealing with confounding effects
● Any observation may be confounded
● Are there technical explanations for observed patterns? Uneven sequencing / 

Batch effects / Edge effects..
● Excluding alternative explanations is critical

– Example: negative correlation between two ASVs. Biological or technical explanation?

ASV1: 0 1 0 0 1 1 0 0 1

ASV2: 1 0 0 1 0 0 1 0 1



External covariates can induce distinct clusters
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Ways to handle covariates

● Stratify and analyze 

homogeneous subsets
● Model the variation



PcoA Principal Coordinates Analysis 
(a.k.a MDS)

Transformation: compositional 

Dissimilarity: Bray-Curtis 

Method: Preserves distances

PCA Principal Component Analysis

Transformation: CLR 

Dissimilarity: Euclidean

Method: Captures largest variation

15.3%

9.3%

10.4%

4.3%

Why (nonlinear) PCoA and not (linear) PCA?
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https://ai-pool.com/a/s/dimensionality-reduction--pca-intro
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Fundamental considerations in beta diversity analysis
Feature selection 

(all/core taxa; genus/strain level..?)

Transformation

(absolute, compositional, CLR, Hellinger..?)

 

Dissimilarity measure 

(Euclidean/L2, Bray-Curtis, Unifrac..?)

Analysis method

(PCA, PCoA, NMDS, t-SNE, UMAP..)
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Distinct clusters or extremes on a continuum?
Common Visualizations Can Support Different Conclusions

Soil 
samples 
with varying 
pH

Simulated 
data with 
no cluster 
structure

Supervised Unsupervised

with colors

Unsupervised 

without colors
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Dirichlet multinomial mixture (DMM)

Probabilistic cluster analysis

How many
Clusters?

Which samples
in which clusters?

How the clusters 
are shaped?
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Observations 
(Data)

Model ϴ

x



42



From learning the model parameters 
to learning the model structure



Balancing model complexity & fit: 
Bayesian Information Criterion

Model
complexity

Model 
fit











Non-parametric models bring flexibility in 
the model structure



Multivariate Gaussian mixture model:
how many clusters? 

→ Infinite Gaussian mixtures!



DP as Chinese Restaurant Process (CRP)

blog.datumbox.com/the-dirichlet-process-the-chinese-restaurant-process-and-other-representations/

Generates conditional samples marginalised over GEM 

Future samples derive from new species (table) with prob. proportional to θ and join 
existing species (table) with prob. proportional to their size

0
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Clustering vs. Factorization
binary / continuous weights

Prevotella

Bacteroides

Ruminococcus

Individual has
one community type

Individual is associated with 
multiple community types



Lahti et al. Nat. Comm. 5:4344, 2014
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Mixture models bring flexibility in modeling

Bistable taxa: 
Prevotella, Dialister, 
Clostridiales..
(N=1006)

Independently varying 
sub-communities

Ecosystem states are rich combinations 

of  independent tipping elements ? Lahti et al. Nat. Comm. 2014



Clustering vs. Factorization
statistical formulation

N x K
K x T

N x T =
0 1 0

Component
weights

Component
profiles

Observed 
data





Michael Jordan

Indian Buffet Process
- Bayesian nonparametric model 

- A prior on an infinite binary matrix.



How to choose
a correct model or 
test for my data?
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