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Toward ecosystem management

ÅConsider feeding interactions: fish eat fish

ÅBut living organisms are smart

ïBehavior impacts interactions

ïHuman behavior impacts fishing
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Main elements of Ecosim

ÅIncludes biomass and size-structure dynamics

ïmixed differential and difference equations

ÅMass-balance (Ecopath) for initial state

ÅVariable speed splitting

ïŘȅƴŀƳƛŎǎ ƻŦ ōƻǘƘ ΨŦŀǎǘΩ όǇƘȅǘƻǇƭŀƴƪǘƻƴύ ŀƴŘ 
ΨǎƭƻǿΩ ƎǊƻǳǇǎ όǿƘŀƭŜǎύ

ÅEffects of micro-scale behaviors on macro-
scale rates



Size-structured dynamics

ÅMulti-stanza  size/age structure by monthly 
cohorts, density- and risk-dependent growth;

ÅAdult numbers, biomass, mean size 
accounting via delay-difference equations;

ÅwŜŎǊǳƛǘƳŜƴǘ ǊŜƭŀǘƛƻƴǎƘƛǇ ŀǎ ΨŜƳŜǊƎŜƴǘΩ 
property of competition/predation 
interactions of juveniles.



Biomass dynamics in Ecosim

ÅGross food conversion Efficiency, 
GE = Production / Consumption 

ÅdB/dt = GE · Consumption - Predation - Fishery           
+ Immigration - Emigration - Other Mort.

ÅConsumption = ʅmicro-scale rates

ÅPredation = ʅ micro-scale rates
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Unavailable prey 
B-V

Available prey, V

Predator, P

Foraging arena

Ǿ  Ґ ōŜƘŀǾƛƻǊŀƭ ŜȄŎƘŀƴƎŜ ǊŀǘŜ όΨǾǳƭƴŜǊŀōƛƭƛǘȅΩύ

aVP

Walters, Christensen & Pauly 1997
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Top-down vs.bottom-up control

Carrying capacity?
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Predation mortality: effect of vulnerability

Predator abundance

Predicted 
predation 
mortality

Bottom-upTop-Down

High v Low v

Carrying 
capacity

0 Ecopath 
baseline

V =   = 2



Foraging arena theory

Åargues that the same fine-scale variation that 
drives us crazy when we try to survey 
abundances in the field is also critical to long-
term, large-scale dynamics and stability

ÅForaging arenas can now be shared between 
predators, (e.g., by different year-classes)

ÅEwE now allows bout feeding



Fine-scale arena dynamics: food concentration 
seen by predators should be highly sensitive to 

predator abundance

ΨLƴǾǳƭƴŜǊŀōƭŜΩ
prey (N-V)

Ψ±ǳƭƴŜǊŀōƭŜΩ
prey (V)

Predation
rate:

aVP

(mass action
encounters,
within arena)

This structure implies ΨǊŀǘƛƻ-ŘŜǇŜƴŘŜƴǘΩ predation rates:

V=v1N/(v1+v2+aP)

(rate per predator decreases with increasing predator 
abundance P)

v1

v2



Food concentration in arenas should be 
highly sensitive to density of animals 

foraging there

dV/dt = (mixing in)-(mixing out)-(consumption)
=         vN - ǾΩ±- aVP

Fast equilibration of concentration implies

V = vN κ  ό ǾΩ Ҍ aP)



Effect of local competition on food density

ÅFast equilibration of concentration 
implies:  V = vN κ  ό ǾΩ Ҍ aP)
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Predicts strong effects at low densities
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Moving predictions to larger scales

Hour

Season/

Year

Day

Decade

Meter Patch Reach Landscape

Arena

Dynamics

Local

Recruitment

Population

Dynamics

Beverton-Holt

equation

Ideal Free Distn.,

simulations



Behavior implies Beverton-Holt recruitment model
(1) Foraging arena effect of density on food available:

Food 

density

Juvenile fish density
(2) implies linear effect on required activity and predation risk:

(3) which in turn implies the Beverton-Holt form:

Net recruits

surviving

Initial juvenile fish density

Activity, 

mortality

Juvenile fish density

Strong empirical

support

Emerging empirical

support (Werner)

Massive empirical

support



Beverton-Holt shape and recruitment 
άƭƛƳƛǘǎέ ŦŀǊ ōŜƭƻǿ ǘǊƻǇƘƛŎ ǇƻǘŜƴǘƛŀƭ όƻǾŜǊ 

600+ examples now):



Predicting consumption
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Q = consumption
a = effective search rate
v = vulnerability
B = biomass; 
P = predator biomass or number
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Basic consumption 
equation:

Adding additional realism to the consumption equation:

S = seasonality or long-term forcing
M = mediation
T = search time
D = f(handling time)



Mediation

ÅNon-trophic mediation of interaction between 
a consumer and a prey group

ïTuna ςsmall pelagicsςalbatrosses

ïPiscivoresςmacroalgaeςjuvenile fish

ïTrawling ςresuspensionςprimary production

ïPrimary production ςshading ςmacroalgae

ïΧ
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ά5 = f(handling ǘƛƳŜύέ
Functional response?

ÅServes to limit consumption 
rates when moving away 
from initial condition

ÅForaging arena provides a 
flexible representation of 
functional response

ÅForaging arena: main 
ŘƛŦŦŜǊŜƴŎŜ ŦǊƻƳ IƻƭƭƛƴƎΩǎ 
functional response 
formulation
ïIncorporates prey behavior
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Ecosim seeks to predict changes in 
mortality rates, Z

ωZi = Fi + sum of Mij

(predation components of M)

where Mij is Qij/Bi

(instantaneous risk of being eaten)

ςMij varies with

ςChanges in abundance of type j predators

ςChanges in relative feeding time by prey i and 
predator j



Time predictions from an ecosystem model of the 
Georgia Strait, 1950-2000

With mass-action (Lotka-Volterra) interactions only:

With foraging arena interactions:



Iƻǿ Ŏŀƴ ǿŜ ΨǘŜǎǘΩ ŎƻƳǇƭŜȄ ŜŎƻǎȅǎǘŜƳ 
models?

ÅNo model fully represents natural dynamics, and hence 

every model will fail if we ask the right questions;

Å! ΨƎƻƻŘΩ ƳƻŘŜƭ ƛǎ ƻƴŜ ǘƘŀǘ ŎƻǊǊŜŎǘƭȅ ƻǊŘŜǊǎ ŀ ǎŜǘ ƻŦ 

policy choices, i.e. makes correct predictions about the 

relativevalues of variables that matter to policy choice;

ÅNo model can predict the response of every variable to 

every possible policy choice, unless that model is the 

system being managed (experimental management 

approach).


