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Ecophysiologie:  Alimentation:  Optimal Foraging Theory  
La théorie de la recherche optimale de nourriture



Gain: 
- Energie
- Nutriments

Coûts:
- voyage
- préparation proie
- risque de prédation
- forfait d’autres activités à haute valeur sélective

(ex. reproduction)



Cumulative

Time

Maximum net gain = highest rate of gain for a given
travel time, before gains diminish significantly

Optimal foraging – effect of travel time to patch
Recherche optimale de nourriture – effet du temps de trajet



Optimal foraging theory – type of prey
Théorie optimal de recherche de nourriture – type de proie



Contrainte: ne peut pas ouvrir les  
+ gros (refuge de taille)
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Example 2

Optimal foraging – effect of patch quality (density, energy or nutritive value)
La recherche optimale de nourriture – effet de la qualité (densité, energie, 

valeur nutritive) du patch

Travel time to patch



Risk-sensitive optimal foraging model. Imagine a shrew that must 
decide between patch 1 that always yields 8 pellets under the cover 
and patch 2 in which half the time there are no pellets and half the 
time there are 16 pellets. Both patches have the same mean (8), but 
the variance is greater in patch 2. If our forager takes variance into 
account, it is foraging in a risk-sensitive manner.



La recherche optimale de nourriture 
Optimal Foraging Theory (OFT) 

OFT cherche à expliquer le comportement alimentaire, nécessairement constitué de choix, car 
aucun animal ne peut manger toute la matière organique disponible.  Elle se concentre sur les 
habitats où la nourriture elle-même n’est pas limitante.  L’idée – clé est que les animaux 
recherche de la nourriture de façon à ce qu’ils maximisent leur gain d’énergie avec le moins de 
temps et effort dépensés.   

Ei = énergie (k J) de l’item i 

hi = temps de manipulation de l’item i (capture, ingestion, digestion) 

Ei / hi = profitabilité de l’item i 

Si = temps passé à la recherche de l’item i 

Le prédateur cherche à optimiser  

     E  

h   +  s 

Quand un prédateur rencontre un item totalement nouveau, il peut choisir de le 
manger.  Il devrait l’adopter dans son régime alimentaire si  

1) s’il le reconnaît en tant que nourriture potentielle

2) E  i nouveau  /  h i nouveau  +  s i nouveau   >

 E 

h  + s 



Optimal foraging and limitations of digestive rate 
The Digestive rate model (DRM, Modèle du Taux de Digestion) of optimal foraging makes the 
same basic assumption as do other models, i.e. animals select food in order to maximize their 
rate of energy intake. However, it makes the point that some animals should select food on the 
basis of its 'digestive quality' (net energy content/digestive turnover time) rather than its 
'profitability' (net energy content/handling time). Food or prey can come at the expense of 
indigestible bulk that takes up capacity in the digestive tract. The DRM states that animals under 
some circumstances will maximize their digestive rate instead of their food ingestion rate or 
foraging behaviour as predicted by the Contingency Model, the basic and most commonly used 
model of OFT. The DRM is a useful alternative to the foraging models that maximize ingestion 
rate only, as it explains some behaviour currently looked on as deviation from OFT. 

_____________________________________________________________________ 

This leads to a number of insights: 

• Predators with short handling times relative to their search times should be generalists and
include a wide range of items in their diet. They will hunt and eat every prey they encounter
since the prey is far apart and the handling time is short.

• Predators with long handling times relative to their search time should be specialists and only
include the most efficient items in their diet. They will maximize their efficiency by only eating
prey with high energy contents since the handling time is long and the search time is short.

• Predators should be generalists in unproductive environments and specialists in productive
environments.

• Predator-prey co-evolution often makes it non-profitable for a prey item to be included in the
diet, since many anti-predator defenses increase handling time. Examples
include porcupine quills, the palatability and digestibility of the poison dart frog, crypsis and
other predator avoidance behaviors.

• The Digestive Rate Model suggests that species can avoid predation by increasing the
amount of indigestible bulk, e.g. shell material for molluscs, seed husks or fibre content in
plants.

http://en.wikipedia.org/wiki/Co-evolution
http://en.wikipedia.org/wiki/Antipredator_adaptation
http://en.wikipedia.org/wiki/Porcupine
http://en.wikipedia.org/wiki/Poison_dart_frog
http://en.wikipedia.org/wiki/Crypsis
http://en.wikipedia.org/wiki/Digestive_Rate_Model














(WHAT I HAVE LEARNED ABOUT)  PRINCIPLES OF PARTICLE 
PROCESSING IN BIVALVES

Peter G. Beninger 
Université de Nantes

France



Homorhabdic
filibranch

(Mytilidae)
Heterorhabdic filibranch

(Pectinidae)

Eulamellibranch
(Heterodonta) Pseudolamellibranch

(Ostreidae)

4 principal bivalve gill types 
(processing systems)
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CAPTURE ⇒ TRANSPORT 

SELECTION

INGESTION VOLUME REGULATION

PSEUDOFECES

PSEUDOFECES

INGESTION

BASIC STEPS IN PARTICLE PROCESSING



1. THE HOMORHABDIC FILIBRANCH SYSTEM



Capture equipment - Mytilus edulis latero-frontal cirri 
Silverman et al Biol. Bull. 1997

25 m

CAPTURE



Particle capture in a bivalve 
with latero-frontal cirri 
(Mytilus edulis): close-range 
events.  Confocal laser high-
speed video microscopy of live
gill filaments with fluorescent
particles. 

Intimate contact with cirri, 
not just baffle effect.

CAPTURE



CAPTURE ⇒ TRANSPORT 

SELECTION

INGESTION VOLUME REGULATION

PSEUDOFECES

PSEUDOFECES

INGESTION

BASIC STEPS IN PARTICLE PROCESSING

REJECTION

REJECTION



Homorhabdic filibranch (Mytilus edulis):
water flow in pallial cavity, particle transport
ventralward on gill, then anteriorly in ventral
particle groove

Detail of water flow and particle transport at ventral 
margin of gill

TRANSPORT



Homorhabdic filibranch (Mytilus 
edulis) gill and mucocyte 
distribution.  All particles 
transported ventrally in relatively 
viscous MPS mixture.

TRANSPORT



CAPTURE ⇒ TRANSPORT 

SELECTION

INGESTION VOLUME REGULATION

PSEUDOFECES

PSEUDOFECES

INGESTION

BASIC STEPS IN PARTICLE PROCESSING

REJECTION

REJECTION



Homorhabdic filibranch (Mytilus edulis):
mucociliary arrival of mucus-particle cords
from gill ventral groove to dorsal fold of labial
palps, mucociliary transfer to palp particle groove,
fluidization and transport to mouth (anterior)
or direct rejection (posterior).

Selection and ingestion volume regulation on palps;
gill shunt also option for IVR..

Beninger and St-Jean MEPS 1997

TRANSPORT – SELECTION – INGESTION
VOLUME REGULATION - INGESTION

Rejection

Ingestion



Homorhabdic filibranch (Mytilus 
edulis): arrival of mucus-particle cord 
from gill particle groove, transfer over 
dorsal fold to palp particle groove, and
anteriorward movement toward mouth (1)
Movement of palp ridges effecting
mechanical fluidization (2 – 6).  Neutral
MPS also added, effecting biochemical 
fluidization.

Fluidization enables qualitative selection
and determines state of ingested matter

Beninger & St-Jean MEPS 1997 

TRANSPORT –
SELECTION  -
INGESTION



Homorhabdic filibranch (Mytilus edulis): distribution of
mucocyte types on the mantle, showing dominance of high-

viscosity AMPS on dorsal rejection tract.  Beninger & 
St-Jean  Mar Biol 1997

TRANSPORT - REJECTION



Homorhabdic filibranch (Mytilus edulis): cilia mapping to show location of mantle rejection tract
(1 – 3), and composite cilia which form the tract (4) .  Beninger et al MEPS 1999.

TRANSPORT - REJECTION



1 2

3 4

5 6

Homorhabdic filibranch 
(Mytilus edulis): rejection of 
mucus cord from gill particle
groove to palp (1) , from palp
ventral margin to mantle 
rejection tract via mucus 
bridge(2), along mantle
rejection tract (3 – 5), and
finally out inhalent siphon
(6).  Cord and secretions of 
rejection tract rich in AMPS.

Beninger & St- Jean,  Mar Biol 
1997



THE EULAMELLIBRANCH  SYSTEM



The eulamellibranch system: capture

Near-field events same as for homorhabdic filibranchs

Silverman et al Biol Bull 1996



CAPTURE ⇒ TRANSPORT

SELECTION

INGESTION VOLUME REGULATION
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REJECTION



Captured particles transported 
ventrally in viscous mucus (AMPS) 
to particle groove, then anteriorward 
to palps

Transfer from gill to palp via mucus bridge.
Accepted material in temporary tracts to oral groove

Rejected material in 
deep rejection tracts or 
on palp crests to ventral 
, ventroposterior margin

Particle processing in a eulamellibranch (Mya 
arenaria) – Beninger et al MEPS 1997

TRANSPORT – SELECTION – IVR 
INGESTION - REJECTION

Transport to palps

Selection 
- ingestion

Rejection: 
Qualitative &

IVR



REJECTION - Continued

Pseudofeces from labial palps (Ant) to inhalent siphon (Post), counter-current, on exposed mantle surface,
via ciliated mantle rejection tract and AMPS secretions.  Cila are grouped, allowing elevation above

general mantle surface

A P



HETERORHABDIC FILIBRANCH SYSTEM



CAPTURE ⇒ TRANSPORT

SELECTION

INGESTION VOLUME REGULATION

PSEUDOFECES

PSEUDOFECES

INGESTION

BASIC STEPS IN PARTICLE PROCESSING

REJECTION

REJECTION



CAPTURE – no LF cirri, but markedly plicate, heterorhabdic  gill and bi-directional 
flow; hydrodynamic interception via deflection of current ???



Heterorhabdic filibranch (Placopecten magellanicus) 
gill and mucocyte distribution: relatively low –

viscosity secretion in dorsal trajectory (acceptance) 
tracts, high viscosity in ventral trajectory (rejection ) 

tracts

Beninger et al MEPS 1993

TRANSPORT - REJECTION
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SELECTION: (Pecten maximus): in vivo endoscope-directed 
sampling in the water and at strategic processing sites (gills, palp pseudofeces), using 

large (74x96 m), intact and empty, cleaned versions of naturally-occurring Coscinodiscus
perforatus.              

Beninger et al MEPS in press
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Percentages of empty �and intact  
Coscinodiscus at sampling sites: qualitative 
selection on gill and labial palps

SELECTION (Pecten maximus)

Progressive selection indices confirm
selection first on gill, then at palps

Beninger et al MEPS in press



A

a

B

F

OC

OC

F

OC

OC

HVA

OC
EC

HC

SELECTION
Role of organic casing in selection:  casing on C. perforatus empty and intact cells  fed to Pecten maximus.

Beninger and Decottignies, submitted
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SELECTION:  Intact and empty, uncleaned diatoms are treated the same way by Pecten 
maximus: importance of organic casing

Beninger and Decottignies, submitted



TRANSPORT - REJECTION

Placopecten magellanicus : rejection directly from gill ventral bend  to pallial cavity
 valve clapping   (Beninger et al Mar Biol 1992)



Homorhabdic filibranch (Placopecten magellanicus): cila mapping showing lack of a mantle rejection tract.
Beninger et al MEPS 1999

TRANSPORT - REJECTION



Heterorhabdic filibranch (Placopecten magellanicus): 
distribution of mucocyte types on mantle surface, 
showing lack of pseudofeces transport tract.

Beninger and St-Jean Mar Biol 1997

TRANSPORT  - REJECTION



Heterorhabdic filibranch (Placopecten 
magellanicus): mucocyte types and distribution in 

palp oral groove, showing preponderance of  
intermediate-viscosity secretions (MMPS) used 

for ingestion

Beninger & St-Jean MEPS 1997

TRANSPORT - INGESTION



TRANSPORT - REJECTION

Placopecten magellanicus: mucocyte
distribution on palps.  Intermediate
– viscosity to postero-ventral margin,
then high viscosity for transfer via
mucus bridge to pallial cavity, 
counter-current.

Beninger and St-Jean MEPS 1997



PSEUDOLAMELLIBRANCH SYSTEM



The oyster gill is the most quirky and most mysterious. Superficial 
but misleading resemblances on all major points.

Capture – hydrodynamic as in heterorhabdic filibranchs?  Role of 
LF cirri – composite, not compound??



CAPTURE ⇒ TRANSPORT

SELECTION

INGESTION VOLUME REGULATION

PSEUDOFECES

PSEUDOFECES
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REJECTION



Transport : dorsalward = initial acceptance
ventralward = initial rejection

Ward et al Mar Biol 1998
For particles small enough to enter principal filament.

Larger particles all directed ventrally, then to palps,
where selection takes place.  

Cognie et al MEPS 2003



D

Pseudolamellibranch (Crassostrea virginica) 
mucocyte distribution: resulting mixture on 
plicae = acid-dominant, for transport on 

exposed surface, counter-current.

Beninger & Dufour MEPS 1996

TRANSPORT



SELECTION

Initial demonstration of oyster gill as selection site  (Ward et al Mar Biol 1998); 
however: (1)  particle types differed in both quality and shape (2) all particles fit 

into the small oyster PF opening.

Unanswered questions: Selection due to quality or to shape???  Palps and selection???

Plan: use empty and intact algae of same species and shape, of size > PF opening 
to render selection at the gill impossible



SELECTION
Qualitative selection in a pseudolamellibranch:
endoscope-directed sampling in water column
and strategic sites (gills, pseudofeces), using 
large (150x250 m), intact and empty, cleaned
versions of naturally-occurring Coscinodiscus
perforatus.

Selection on the gill impossible due to size constraint
of oyster principal filament opening (75 m),
compared to diatom size (150x250 m).  Qualitative
selection of larger particles performed by the palps.

Cognie et al MEPS 2003



TRANSPORT - REJECTION

Pseudofeces rejection on mantle via mantle folds and 
simple cilia; elevation above mantle surface



UNIFYING PRINCIPLES
(What all this boils down to)

1. Gill type determines basic characteristics of particle processing 
(eg. capture via lfc, transport to ventral and /or dorsal tracts, type 
of mucus used.

2. Type of mucus determined by physical environment: exposed or 
not, counter-current or not.

3. Specialized types of cilia used for appropriate functions: simple, 
compound, composite.

4. Thank you.



Unifying principles: types of mucopolysachharide used in different contexts
and functions



Unifying principle: elevation of pseudofeces on mantle rejection tract, by either long composite
cilia (Category 1),



…or by means of simple cilia atop specialized mantle folds
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