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Movement (foraging) Ecology: Concept
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Search: Foraging “under uncertainty”

Genetic
System



Search efficiency: things to take into account

1.Target density
2.Target spatial distribution
3.Target mobility
4.Searcher mobility
5.Searcher perception (rv)
6.Searcher x0
7.Encounter dynamics

Random Walk & Diffusion Theory

Computer Simulations

Different ways to 
measure efficiency!
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Searcher perspective: search tradeoffs



Searcher perspective: search tradeoffs



Campos et al. PRE 2013 
Méndez et al. 2014 (Springer)

Factoring the time to find a target: MFPT MFDT

mobility perception

Mean time needed 
to detect a target

Mean time needed 
to approach a target

(intensive-extensive) (speed-percpetion)



Campos et al. PRL 2012 
Méndez et al. 2014 (Springer)
Weiss  J.Chem.Phys .1984

Factoring the time to find a target: MFPT MFDT

1D-Correlated Random Walk



Keys to effective search strategies

Optimal Crusing
Velocity

Optimal 
Intermittence

• Max. velocity but without 
perceptual impediments

• Run and pause mixtures

Speed/perception

Intensive/extensive
Mixture of scales

or
Lévy “signatures”

• Some  directional correlation

• Multi-scale turn interevents

• Small Diffusion Constant 

• Super (enhanced) diffusion

Bartumeus et al. PLoSONE 2014; Méndez et al. 2014; Viswanathan et al. 2011;

TRADEOFF COMPROMISE INGREDIENTS



Diffusion or space use

Truncated Lévy

Composite/Hyperexponential

Exponential



Asymmetric regime
(heterogeneity)

Symmetric regime 
(diluted,homogeneous)

“mixture of scales/persistence” “large scale/persistence”



S. Benhamou 2014
Ecology Letters

R.S. Schick et al. (2008)
Ecology Letters

Current Paradigm of inter-patch Motion



Current Paradigm of inter-patch Motion

v v
EXPLORATION?
(Ballistic)

EXPLOITATION
(ARS,Taxis)



New paradigm of inter-patch motion

LEAVING
(Ballistic)

EXPLOITATION
(ARS,Taxis)

EXPLORATION
(Multi-scale)





Search Ecology with Model Organisms
from Landscape to Petriscape



Schistocerca gregaria

Model Organisms

Hydrobia ulvae

Mytilus edulis

Temnothorax albipennis

Aphaenogaster senilis



Perception Scales < 3 mm

Landscapes 400x600 mm

Regular Homogeneous Fractal/Patchy Bared

2 mm



in-food ARS

out-food ARS
Multiscale ARS cluster sizes

Inherent Multi-scale Search

Mixture of scales in displacements

Koelszch et al. 2015



Chaenorabditis elegans

> Locomotion includes crawling or swimming and they perform stereotyped turns 
Omega / Reversals / Pirouettes / Pauses

> Evidence of random movements and chemotaxis
> Mutants (sensorial and motor) and engineering genetic techniques
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sensory-defective 
(che-2)

internal state-defective 
(npr-1,cat4)

Sensory 
system

Genetic 
System

“Behaviour comes in modules”
M. Heisenberg 2009 Nature

Chaenorabditis elegans



Behaviour

25x25cm,32 frames sec-1

W.Ryu (U.Toronto, Canada) 
I.Nemenman (Emory, Atlanta, USA)

W.Ryu Lab (U.Toronto, Canada) 



Caenorhabditis elegans

Exploration “phase” 
(omegas, 1h)

ARS “phase”
(pirouettes, 30 min)

Ballistic “phase”
(departure behaviour, 30 min)

T=2h

T=0



Behavioural Annotation

t-Stochastic Neighbouring Embedding

Input Features

t-SNE KDE Watershed

Berman et al. 2014; van Maaten XXX 



Hidden Markov Models (3-states)

t-SNE + Markov Model 

Behavioural Annotation



Behavioural Annotation



Other wild types and knocked-out mutants

N2

npr-1

Hawaiian

Hidden Markov Models (3-states)





Random Search Strategies




