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Australia’s Eastern Tuna and Billfish 
Fishery

Tropical tuna and billfish fishery off the east of Australia from the tip of Cape York to the 
South Australia-Victoria border 

 
Substantial environmental impacts: 
 

 - Causes mortality of threatened species:  
  seabirds, sharks, marine turtles 

 
 - Bycatch of species targeted in other fisheries 
  SBT commercial, striped marlin recreational 

 - Removal of large amounts of biomass of top predators 
 

 - Many species only caught in specific areas 
  e.g. marlin caught in north, seabirds encountered in south 

 
Easiest way to manage impacts may be by managing the spatial distribution of fishing 

   
 - Each operator gets an individual allocation of “effort units” 
 - Fishing locations each cost a different amount to fish 
 - Could be used as incentives to avoid bycatch with minimal loss of commercial species 

 
 

Australia’s Eastern Tuna and Billfish Fishery: A 
Useful Case Study 

The Eastern Tuna and Billfish 
Fishery 

Substantial environmental impacts
- Mortality of threatened species: 
seabirds, sharks, 
marine turtles
- Bycatch of species targeted in other 
fisheries: 
SBT commercial, striped marlin 
recreational
- Removal of large amounts of biomass of 
top predators
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Bird 
Encounter 
Frequency

...
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Bird 
Encounter 
Frequency

...

Also varies in 
space and time
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Albatross

!

!

!

Black-browed, 
wandering, and shy
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Flesh Footed Shearwaters

!
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Other Shearwaters

Wedge-tailed, 
sooty, short-tailed

!

!

!
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Petrels

!

Great-winged, 
cape, Wilson’s 
storm

!

!
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Snapshot of 
Bird Encounter 
Rate Per Hook 

Set 
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Snapshot of 
Bird Encounter 
Rate Per Hook 

Set 

Can we reduce 
seabird mortality 

by managing 
fishing effort 

through fishing 
fleet behaviorial 

responses to 
regulations?
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A State Dependent Behavioral Model

•  We use dynamic state variable models to predict 
how spatial incentives will affect profit and location 
choice 
•  Hypothetical multispecies fishery, 3 vessel types 
operating out of two ports 
•  State variable is effort units (number of shots) 
remaining at any given time in the season
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A State Dependent Behavioral Model

•  We use dynamic state variable models to predict 
how spatial incentives will affect profit and location 
choice 
•  Hypothetical multispecies fishery, 3 vessel types 
operating out of two ports 
•  State variable is effort units (number of shots) 
remaining at any given time in the season

Decisions 
• i) where to fish (24 location or remain in 
port);
• ii) choice of targeting strategy (3 
species, 6 targeting strategies)

Port 1 (Mooloolaba)

Port 2 (Sydney)
Focal ports

Regulatory region
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Stock Dynamics and Price

Total stock numbers constant within any quarter (exogeneous), inferred from a GLM with 
components that include CPUE, year quarter, location, Southern Oscillation Index, moon 
phase, light sticks, bait type, time of setting
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Stock Dynamics and Price

Total stock numbers constant within any quarter (exogeneous), inferred from a GLM with 
components that include CPUE, year quarter, location, Southern Oscillation Index, moon 
phase, light sticks, bait type, time of setting

Stocks migrate quarterly, catchability varies temporally (e.g. moon phase)

decisions in ecological systems (Mangel and Clark

1988; Houston and McNamara 1999; Clark and

Mangel 2000), which we believe is relevant to

conservation and management. This literature has

taken at least two approaches: a retrospective

approach based on statistical investigation of empir-

ical data to ask about choice of fishing locations

(e.g. Gillis et al. 1995a,b; Holland and Sutinen

1999, 2000; Smith 2002; Pradhan and Leung

2004) and a predictive approach, using mechanistic

state-dependent decision-making models to ask

about future behaviour (Gillis et al. 1995a,b). The

latter include a number of spatial bioeconomic

models that have been developed to model fisher

response to changing conditions, particularly clo-

sures in the context of marine protected areas (e.g.

Sanchirico and Wilen 1999; Smith and Wilen

2003; Dalton and Ralston 2004; Smith et al. 2009).

The statistical approach generally derives the

probability that a fisher applies effort in a given area

based on the vessel characteristics (e.g. size, home

port) and net returns from each area (using catch

rates and distance). When applied to the total effort

available by a fleet (i.e. summed up over the set of

boats), one obtains an estimate of the overall

allocation of effort. That is, given the characteristics

of the area and the fisher, future location choices

can be predicted based on historical precedence (e.g.

Wilcox et al. 2010). Most previously cited studies

applied some form of the random utility model to

model individual vessel behaviour (Bockstael and

Opaluch 1983; Eales and Wilen 1986; Holland and

Sutinen 1999, 2000; Curtis and Hicks 2000; Smith

2002; Wilen et al. 2002; Hutton et al. 2004;

Pradhan and Leung 2004; Marchal et al. 2009;

Wilcox et al. 2010), although more recent analyses

suggest modelling behaviour at the fleet level may

be more reliable in determining responses out-of-

sample (Smith 2002).

In contrast, the state-dependent decision-making

models predict behaviour by optimizing an objective

function and determine which area best suits this

behaviour given the set of incentives that exist

(which may also depend on factors such as size,

home port, distance to fishing grounds and expected

catch rates). The approaches should produce similar

outcomes if the statistical model includes the correct

covariates, and the purported decision-making pro-

cess approximates the natural situation with good

fidelity.

1

2 3

4

Figure 1 Map of Australia showing area of fleet operation and indicating regions, where each line colour (black or grey),

shading angle and shading density is used as a unique identifier of the regions in subsequent plots. Regions are

indexed by (latitude code, longitude code). Star shapes indicate the port latitudes (2 and 4), and the arrows and

numbers indicate the movement of the centroid of the fish stock at quarterly intervals over the time series.

Opportunity and relocation costs of MPAs N A Dowling et al.

! 2011 Blackwell Publishing Ltd, F I SH and F I SHERIES 3
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Stock Dynamics and Price

Total stock numbers constant within any quarter (exogeneous), inferred from a GLM with 
components that include CPUE, year quarter, location, Southern Oscillation Index, moon 
phase, light sticks, bait type, time of setting

Stocks migrate quarterly, catchability varies temporally (e.g. moon phase)

Price endogenously determined by landings (to be explained)

becomes a Monte Carlo simulation where areas

visited are sampled randomly from a cumulative

probability distribution given by equation (8). Price

is then determined by taking the average catch

across the Monte Carlo realizations for each area,

for each vessel type, port and time step where that

area is visited in that time step during any realiza-

tion. This average catch is then summed over all

vessel types and ports for each time step, and the

resultant fed into equation (5).

We use three models of increasing complexity to

illustrate the effect of fleet behaviour on prices and

seasonal availability in a spatially explicit context:

Case 1: 1 vessel type (vessel type 2), 1 port (port

location 1), oscillatory catchability.

Case 2: 3 vessel types, 2 ports, oscillatory catc-

hability.

Case 3: 3 vessel types, 2 ports, oscillatory catc-

hability, seasonally moving fish stock.

We used case 3 to investigate how fishing

locations change in response when opportunity

costs are incorporated. This was achieved by

repeating case 3 with the following modifications:

(i) we treated each quarter of the season being

independent by running the model four times

assuming a 30-day season with an effort quota of

25 sets each time and (ii) with an effort quota of 25

across the 120-day season. The latter forces

increased flexibility and hence introduces opportu-

nity cost by reducing the total effort quota relative

to the season length. The former is a control, in that

the same amount of effort (25 sets) is spent across

30 days, a duration that almost equates to the

available effort (recalling that one set equates to

1 day of effort).

We investigated spatial manipulation (an effec-

tive MPA) by setting the effort decrement term, di,j,
prohibitively high at 100.00 for region iP = 2,

jP = 2 and compared the resulting modelled distri-

bution of effort with that which would have

occurred via a statistical model: the equal spatial

distribution of effort formerly occurring in the closed

area. The area (iP = 2, jP = 2) was selected as the

area to be closed, as the results showed this to be the

area with the highest overall level of effort across

the four quarters. Additionally, this effort was not

concentrated at the end of the season, and so the

results would not be confounded by any end of

season effects.

Results

Vessel competition and fish movement

A single vessel type operating out of a single port

fishing a stationary stock predictably made contin-

ual trips of very similar duration and effort, and the

effort spent was close to or equal to the maximum

permitted per trip. Fishing generally occurred in the

area of highest density (the most profitable location

given the vessel capacity) and occasionally in the

adjacent inshore area(s). Although catchability was

oscillatory, price remained constant over the season

as a result of the relatively constant level of catch,

suggesting effort was inversely proportional to

catchability. This implies fishers have real-time

knowledge of the market dynamics, which is

unlikely to often be the case. It emphasizes how

the dynamic state variable model assumes that

fishermen take a seasonal view of the fishery and
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Figure 2 Overall price and catchability versus time for (i) case 2, aggregated across the 2 ports and 3 vessel types where

fish are stationary and (ii) case 3, aggregated across the 2 ports and 3 vessel types where fish are moving quarterly.

Opportunity and relocation costs of MPAs N A Dowling et al.

! 2011 Blackwell Publishing Ltd, F I SH and F I SHERIES 9

decisions in ecological systems (Mangel and Clark

1988; Houston and McNamara 1999; Clark and

Mangel 2000), which we believe is relevant to

conservation and management. This literature has

taken at least two approaches: a retrospective

approach based on statistical investigation of empir-

ical data to ask about choice of fishing locations

(e.g. Gillis et al. 1995a,b; Holland and Sutinen

1999, 2000; Smith 2002; Pradhan and Leung

2004) and a predictive approach, using mechanistic

state-dependent decision-making models to ask

about future behaviour (Gillis et al. 1995a,b). The

latter include a number of spatial bioeconomic

models that have been developed to model fisher

response to changing conditions, particularly clo-

sures in the context of marine protected areas (e.g.

Sanchirico and Wilen 1999; Smith and Wilen

2003; Dalton and Ralston 2004; Smith et al. 2009).

The statistical approach generally derives the

probability that a fisher applies effort in a given area

based on the vessel characteristics (e.g. size, home

port) and net returns from each area (using catch

rates and distance). When applied to the total effort

available by a fleet (i.e. summed up over the set of

boats), one obtains an estimate of the overall

allocation of effort. That is, given the characteristics

of the area and the fisher, future location choices

can be predicted based on historical precedence (e.g.

Wilcox et al. 2010). Most previously cited studies

applied some form of the random utility model to

model individual vessel behaviour (Bockstael and

Opaluch 1983; Eales and Wilen 1986; Holland and
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Pradhan and Leung 2004; Marchal et al. 2009;

Wilcox et al. 2010), although more recent analyses
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be more reliable in determining responses out-of-

sample (Smith 2002).
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models predict behaviour by optimizing an objective

function and determine which area best suits this

behaviour given the set of incentives that exist

(which may also depend on factors such as size,

home port, distance to fishing grounds and expected

catch rates). The approaches should produce similar

outcomes if the statistical model includes the correct
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3 Vessel Types, Characterized by

• Maximum number of shots per vessel type (      )

• Speed, v [km/day]

• Cost per unit travel, 

• Cost per shot, c
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Model description

E(t) = the effort (number of shots) remaining at time t in the 
season 

One shot = one day, so laying x shots requires x 
days
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Model description

! i, j = 1 except in the management area, where it is >1

E(t) = the effort (number of shots) remaining at time t in the 
season 

One shot = one day, so laying x shots requires x 
days

If a vessel visits region i,j  and x shots are deployed at 
time t, and its  current remaining effort is E(t), then
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Profit

The profit associated with setting x shots in region latitude i longitude j, 
for vessel type b operating out of port h, using targeting strategy k,  is 
obtained by summing across the species, weighting their abundance by 
their price, catchability and the targeting strategy employed:

price by species
proportion of species s 
associated with targeting
 strategy k

catchability

population size

# shots

cost per travel • distance

cost per shot • shots

Friday, May 11, 2012



Utility [Fitness] Function

Let 

F(e,t|b,h)              

denote the maximum expected profit accumulated between the
current time t and the end of the season, T, for each vessel type b 
operating out of port h given that E(t)=e 
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Utility [Fitness] Function

Let 

F(e,t|b,h)              

denote the maximum expected profit accumulated between the
current time t and the end of the season, T, for each vessel type b 
operating out of port h given that E(t)=e 

End Condition

The maximum profit obtained for the final trip of the season for each 
vessel type, b, operating out of each port, h, is determined by where 
vessels fish and how many shots they lay.

If x = 0, vessels will stay in port.
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For preceding times, F(e,t|b,h)  satisfies the DPE:
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For preceding times, F(e,t|b,h)  satisfies the DPE:
  

Backward iteration determines
•  the optimal fishing region;
•  targeting strategy; and 
•  number of shots  
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For preceding times, F(e,t|b,h)  satisfies the DPE:
  

Forward projections determine
• the remaining effort;
• accumulated value; and
•  location/targeting choice
• by-catch effects on other species 

All conditioned vessel characteristics

Backward iteration determines
•  the optimal fishing region;
•  targeting strategy; and 
•  number of shots  
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Endogeneous price determination: Forward And Backward (FAB) game

1. Specify number of ports and the vessel types operating from each port. 
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Endogeneous price determination: Forward And Backward (FAB) game

1. Specify number of ports and the vessel types operating from each port. 

2. Solve DPE for each vessel type from each port, using the species-specific 
price trajectories   p(t,s).

3. Simulate forward in time to generate landings under current price trajectory. 
Assume price is a function of species-specific volume of total landings each time 
step and generate a new price trajectory:

4. Repeat Steps 2 and 3 until some level of convergence is reached via 
comparison of the forward and backwards price trajectories, using least squares

   (Stabilise by the method of errors in decision making)
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Comparing Decrement Incentives and Closures

Use state-dependent fleet dynamics model to evaluate
• economic effects of spatial incentives vs spatial closure for reducing seabird 
catch

• costs of the 2 methods (profit relative to no measure)
• effectiveness for conservation
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Comparing Decrement Incentives and Closures

Use state-dependent fleet dynamics model to evaluate
• economic effects of spatial incentives vs spatial closure for reducing seabird 
catch

• costs of the 2 methods (profit relative to no measure)
• effectiveness for conservation

2 effort decrement rates: 1.66 and 3.00 units of effort 
per unit spent in the management area

Seabird encounters per shot per area predicted 
via statistical models from historical data

Two years with very different 
distributions of fish
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Quarterly	  Distribu.on	  of	  

Fish,	  2003	  
Quarterly	  Distribu.on	  of	  

Fish,	  2007	  

Yellow = YFT, Green= ALB, Blue =SWO
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Quarterly	  Distribu.on	  of	  

Fish,	  2003	  
Quarterly	  Distribu.on	  of	  

Fish,	  2007	  

Plan:	  Run	  the	  Model	  with	  Closures	  and	  Hook	  Decrements,	  to	  determine	  the	  
effects	  of	  management	  in	  the	  Sydney	  region
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Hook decrement incentives applied off Sydney, 2003 (area 
previously subjected to closures)

Catch composition: Yellow = YFT, Green= ALB, Blue =SWO

No incentive            1.66 decrement               3.00 decrement                        Closure

Management area
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3.00 Hook Decrement Incentive Applied Off Sydney, 2003 and 2007 Compared

             2003                           2007 3.00 Incentive    2007 No Incentive                                         

Management area

Friday, May 11, 2012



Relative Profitability by Strategy and Port
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Closures, Decrements and Seabird Encounter Rates
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The Biodiversity-Profit Tradeoff

Profit - Profit Under No Management

Seabird
encounters -
Encounters 

no 
Management
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The Biodiversity-Profit Tradeoff

best; less bird 
encounters, more profit 

good environmentally but not 
economically; less bird encounters, less 

profit 

worst; more bird 
encounters, less profit 

good economically but not 
environmentally; more bird encounters, more 

profit 

Profit - Profit Under No Management

Seabird
encounters -
Encounters 

no 
Management
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Part II: Risk Sensitivity and the Behavior of Fishing Vessels 
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Part II: Risk Sensitivity and the Behavior of Fishing Vessels 

Fisher location choice decisions involve assimilation of various forms of 
both short and long-term risk

• Short- and long-term goals may differ
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Part II: Risk Sensitivity and the Behavior of Fishing Vessels 

Fisher location choice decisions involve assimilation of various forms of 
both short and long-term risk

• Short- and long-term goals may differ

There is some previous work 

• Dynamic state variable models of discarding behavior: probability of 
trips ending early due to extraneous circumstances (Gillis et al 1995, 
Babcock and Pikitch 2000)

• Risk perception in discrete location choice modeling (Larson et al 
1999)

• Risk aversion assumed in a model of sustainable yield (Ewald and 
Wang 2010) 
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Multiple Forms of Risk Are Relevant 

• Endogeneous risk, or the relationship between profit and 
utility, according to fisher perceptions;
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• Endogeneous risk, or the relationship between profit and 
utility, according to fisher perceptions;

  • Social risk, in terms of meeting a financial obligation in 
order be able to fish again in the immediate future

Friday, May 11, 2012



Multiple Forms of Risk Are Relevant 

• Endogeneous risk, or the relationship between profit and 
utility, according to fisher perceptions;

  • Social risk, in terms of meeting a financial obligation in 
order be able to fish again in the immediate future

• Natural risk: the risk of the vessel incurring damage, 
resulting in financial costs and enforced time in port for 
repair
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The Behavioral Bioeconomics of Risk
in Fisheries

Extend the existing dynamic state variable 
model of fisher location choice to consider 
location choice and seasonal profit in 
response to various forms of risk with 
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The Behavioral Bioeconomics of Risk
in Fisheries

Extend the existing dynamic state variable 
model of fisher location choice to consider 
location choice and seasonal profit in 
response to various forms of risk with 

• remaining effort quota as a state variable
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The Behavioral Bioeconomics of Risk
in Fisheries

Extend the existing dynamic state variable 
model of fisher location choice to consider 
location choice and seasonal profit in 
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 • risk neutral profit accumulation
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The Behavioral Bioeconomics of Risk
in Fisheries

Extend the existing dynamic state variable 
model of fisher location choice to consider 
location choice and seasonal profit in 
response to various forms of risk with 

• remaining effort quota as a state variable

 • risk neutral profit accumulation

 • fishers as single season profit maximizers
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Endogeneous risk

Utility according to perception of profit: 

 -1 < c ≤ 0   risk averse
     c = 0 risk-neutral
     c > 0  risk prone

Friday, May 11, 2012



Social Risk

Risk of profit from the current trip being too low to facilitate fishing 
in the next time period

 
          = Cost of going fishing in the next period (outfitting vessel 
and attracting crew); likelihood of going fishing depends upon 
it and the profit this period.  
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Social Risk

Risk of profit from the current trip being too low to facilitate fishing 
in the next time period

 
          = Cost of going fishing in the next period (outfitting vessel 
and attracting crew); likelihood of going fishing depends upon 
it and the profit this period.  

Probability of going fishing at the next time period 

If the trip does not make enough profit to fish in the next time step, 
must remain in port for a period
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Natural Risk 

Risk of the vessel incurring damage

          = financial costs and enforced time in port. 

Probability that a vessel becomes damaged discounts current  and future profit 
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Natural Risk 

Risk of the vessel incurring damage

          = financial costs and enforced time in port. 

Probability that a vessel becomes damaged discounts current  and future profit 

Assume Pr(not damaged)  =    is proportional to the distance from port Dl, 
 

 
 Dmax  = maximum possible distance that may be travelled from port
         = very small offset (always a chance of damage)

If vessel damaged, 
• fixed cost, d, to repair the vessel, 
• lost time in port for a period      during repair
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With Only Shots as a State Variable

Utility/Fitness

F(s,t)=maximum expected accumulated profit between t and T, given S(t)=s shots remain               
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With Only Shots as a State Variable

Utility/Fitness

F(s,t)=maximum expected accumulated profit between t and T, given S(t)=s shots remain               

Remaining in port only advances time

And going fishing
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The SDP Equation(continued)

              

And going fishing
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As before we can (but won’t here)

• Solve the SDP

• Forward iterate to predict

- Remaining effort

- Accumulated profit

- Fishing location
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With Shots and Accumulated Profit as a State Variable
Utility/Fitness 

F(s,r,t)=maximum utility from profit when fishing ends, given S(t)=s and accumulated 
profit thus far is r. 
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Utility/Fitness 
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With Shots and Accumulated Profit as a State Variable
Utility/Fitness 

F(s,r,t)=maximum utility from profit when fishing ends, given S(t)=s and accumulated 
profit thus far is r. 

End condition 

SDP Equation becomes
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Including Long-term Risk Behavior

Terminal condition 
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Including Long-term Risk Behavior

Terminal condition 

At the end of this trip, accumulated profit is 
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Including Long-term Risk Behavior

Terminal condition 

At the end of this trip, accumulated profit is 

A fraction       is used to prepare for the next trip
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Probability of Going Fishing in the Next Period

No damage
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Probability of Going Fishing in the Next Period

No damage

Vessel damaged
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Probability of Going Fishing in the Next Period

No damage

SDP modified accordingly

Vessel damaged
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Outline

• Part I: Behavioral models and the tradeoff between fishing income and 
conservation

• Part II: Risk Sensitivity and the Behavior of Fishing Vessels

• Part III: The Southern Ocean krill fishery
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Atkinson	  et	  al.	  2004

DistribuEon	  in	  the	  
Southern	  Ocean

Southern	  Ocean	  Food	  Web

Antarctic Krill (Euphausia superba)
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Enormous biomass

Nets           135-1350 million tonnes (1986)
Primary production   100-500 millions tonnes (1986-87)
Predator requirements  470 million tonnes (1988)
Larval krill abundance 75 million tonnes (1990) 
Nets           38.6  million tonnes (2004)
Acoustics          44.3-414  million tonnes (2004-06)
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Enormous biomass

Human biomass ~ 20 million
tonnes (US)  to 600 million 
tonnes (world)

Nets           135-1350 million tonnes (1986)
Primary production   100-500 millions tonnes (1986-87)
Predator requirements  470 million tonnes (1988)
Larval krill abundance 75 million tonnes (1990) 
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Enormous biomass

…and patchy distribution

Human biomass ~ 20 million
tonnes (US)  to 600 million 
tonnes (world)

Nets           135-1350 million tonnes (1986)
Primary production   100-500 millions tonnes (1986-87)
Predator requirements  470 million tonnes (1988)
Larval krill abundance 75 million tonnes (1990) 
Nets           38.6  million tonnes (2004)
Acoustics          44.3-414  million tonnes (2004-06)
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Krill are really important 
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But biomass fluctuates and when there are few krill 
around predators do badly

Krill have 
“Episodic 
Reproduction”
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Ovaries develop

Antarctic krill life cycle

Female krill need food to 
spawn (ice-associated)

SPRING SUMMER

Krill use the entire ecosystem for the life cycle

Gravid female spawn, eggs 
hatch, 1st feeding stage larvae

WINTER

Develop to furcilia larvae, 
larvae feed in pack ice 
habitat in winter

Juvenile in spring, first 
possible spawning 3rd 
summer
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Aquaculture	  
feed

oil

	  human	  
food

The Krill Fishery
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Aquaculture	  
feed

oil

	  human	  
food

The Krill Fishery

“30-200 Million tonnes potential”
	 (Mauchline 1980)
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	 (Mauchline 1980)
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Krill Fisheries are Managed by the Commission for the
Conservation of Antarctic Marine Living Resources 

Minimize by-catch

Account for indirect
effects on krill-dependent
species
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Krill catch limits
Statistical Area 48 - 4.0 million tonnes further subdivided as follows:
	 	 	 Subarea 48.1 – 1.008 million tonnes
	 	 	 Subarea 48.2 – 1.104 million tonnes
	 	 	 Subarea 48.3 – 1.056 million tonnes
	 	 	 Subarea 48.4 – 0.832 million tonnes

	 	 	 With precautionary catch limits of 620 000 tonnes.

	 	 	 	  Statistical Division 58.4.2 - 450 000 tonnes.

	 	 	 	 Statistical Division 58.4.1 - 440 000 tonnes 
	 	 	 	 	 further subdivided as follows: 

	 	 	 	 	 west of 115°E, 277 000 tonnes
	 	 	 	 	 east of 115°E, 163 000 tonnes.
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Atkinson et al. 2004

The Next Step: Small 
Scale Management Units 
With No Trans-Boundary 
Fishing
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Atkinson et al. 2004

The Next Step: Small 
Scale Management Units 
With No Trans-Boundary 
Fishing
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The Management Questions
	 • How should the overall catch limit (~ 4 million metric 
tons) be subdivided among the 15 SSMUs?
	 • How should we limit the development of the fishery until 
this is decided?
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And this is relevant right now
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The Krill Predator Fishery Model (KPFM; George Watters et al)

•Number of krill in a given SSMU at the start of season t+1 is 
determined by the number present at the start of season t, mortality, 
migration, and recruitment. 

•Biomass of krill is depends upon age but not season

•Mortality: i) predation,  ii) fishing, and iii) natural, non-predation 
mortality (currently set equal to 0)

•Recruitment of krill in the KPFM is a SSMU is an asymptotic function of 
adult abundance in a previous time period, and is influenced by time-
dependent environmental conditions (treated as random variables)

•Predator response (functional response) to krill abundance saturates, 
but the precise form is not known 

•Nothing about the behavior of fishing fleets 
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Climate change is predicted to affect marine fisheries,
but these effects are usually considered to be indirect,
for example through distributional changes in fish
populations (Perry, Low, Ellis & Reynolds 2005),
changes in marine biodiversity (Cheung, Lam,
Sarmiento, Kearney, Watson & Pauly 2009) or
changes in oceanic productivity (Sharp 2003). This
article shows that in Antarctic waters, there is already
evidence of direct e!ects of the changing physical
environment – the duration of sea ice cover – on the
seasonal behaviour of the region!s largest fishery, that
for Antarctic krill, Euphausia superba (Kock, Reid,
Croxall & Nicol 2007). Declining sea ice cover in the
main krill fishing grounds has resulted in greater
accessibility of krill stocks to the fishing fleets, partic-
ularly during winter, and this change in fishing
behaviour will need careful management in an era of
rapid ecological change.

The fishery for Antarctic krill is the largest in
tonnage in the Southern Ocean, and managed by
Commission for the Conservation of Antarctic Marine
Living Resources (CCAMLR), taking an annual catch
of !120 000 t yr)1 from three fishing grounds in the
South Atlantic (Kock et al. 2007). The internationally
agreed precautionary catch limits for the krill fishery
total some 6.55 million tonnes making this fishery one
of the few fisheries worldwide that is currently
exploited far below its sustainable level (Kock et al.
2007). The key role of krill in the Antarctic ecosystem
has required a precautionary approach to management
of the harvesting of this species, but this management

approach is yet to take into account the e!ects of a
changing climate (Kock et al. 2007). Over the four
decades during which the krill fishery has been
operating, there has been a distinct pattern of opera-
tion of the fishing fleets in the three fishing grounds in
the South Atlantic: South Georgia, the South Orkney
and the South Shetland Islands (Fig. 1). Fishing
operations in Antarctic waters are primarily a!ected
by ice conditions. The South Georgia fishing grounds
are always ice free in winter and summer thus
permitting year-round exploitation, the South Orkney
generally have a longer ice-free season than the South
Shetland, thus the potential fishing season has been
more constricted towards the south (Fig. 1) (Kawag-
uchi, Nicol, Taki & Naganobu 2006; Kawaguchi &
Nicol 2007).

In recent years, especially during the last two
decades, the winter ice conditions in the South Atlantic
have been benign, showing a significant negative trend
in annual ice cover index (y = 0.0518x + 107.67;
r2 = 0.22, P < 0.05). Consequently, the krill fishing
fleet has been able to remain in the south of the fishing
grounds, especially in the South Shetland Islands area,
for a much greater part of the year (Fig. 2), thus
catches from this region have continued throughout
winter in some recent years. The longer fishing season
towards the south may also be associated with a
possible shrinkage of the overall distribution of krill
range as a result of climatic warming (Siegel 2005).

Although no trends were observed between sea ice
index and the duration of fishing operations when each

Correspondence: So Kawaguchi, Australian Antarctic Division, Department of the Environment, Water, Heritage and the Arts. Channel

Highway, Kingston, Tas. 7050, Australia (e-mail: so.kawaguchi@aad.gov.au)

Fisheries Management and Ecology, 2009, 16, 424–427

doi: 10.1111/j.1365-2400.2009.00686.x ! 2009 Commonwealth of Australia.
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QUANTIFYING MOVEMENT BEHAVIOUR OF VESSELS  
IN THE ANTARCTIC KRILL FISHERY

S. Kawaguchi  and S.G. Candy 
Australian Antarctic Division 

Department of the Environment, Water, Heritage and the Arts 
Channel Highway 

Kingston, Tasmania 7050 
Australia 

Email – so.kawaguchi@aad.gov.au

Abstract

Ten years of recent fine-scale haul-by-haul krill data were used to characterise the 
behaviour of the krill fishery. Analysis of distance between hauls in relation to their catch 
level revealed a distinct pattern. Mean between-haul distances were generally longer 
when catch levels fell below 10 tonnes/haul, and the travel distance decreased as the catch 
level increased; this pattern was most obvious for operations by Japanese fishing vessels. 
There were differences between statistical areas with longer distances moved between 
hauls in Subarea 48.1 compared to Subareas 48.2 and 48.3, reflecting the large number 
of fishing grounds within this area. The same patterns were observed for vessels from 
other nations, but were less clear. The study suggests the movement trends for Japanese 
vessels could form the basis for describing a generalised fishery model. Updates for some 
of the parameters for the krill fishery model suggested in the late 1980s are proposed 
based on the results from this study. These analyses demonstrate the need for high-quality 
year-round data on all vessels participating in the krill fishery to assist in interpreting the 
annual fishing patterns, which can best be collected by scientific observers.

Résumé

Dix années de données récentes à échelle précise par trait sur le krill ont servi à caractériser 
le comportement de la pêcherie de krill. L’analyse de la distance entre les traits de chalut par 
rapport à leur niveau de capture a révélé une tendance distincte. Les distances moyennes 
entre les traits de chalut étaient généralement plus grandes lorsque le niveau de capture 
tombait en dessous de 10 tonnes/trait, et la distance parcourue diminuait lorsque le niveau 
de capture augmentait, tendance qui était particulièrement manifeste dans les opérations 
de pêche des navires japonais. On a noté des différences entre les zones statistiques : 
les distances parcourues entre deux traits étaient plus grandes dans la sous-zone 48.1 
que dans les sous-zones 48.2 et 48.3, ce qui reflète le grand nombre de lieux de pêche 
se trouvant dans ce dernier secteur. Les navires d’autres nations présentaient les mêmes 
tendances, mais avec moins de netteté. L’étude suggère de décrire un modèle de pêcherie 
généralisé à partir des tendances du déplacement des navires japonais. Il est proposé, 
d’après les résultats de cette étude, de mettre à jour certains paramètres du modèle de 
pêcherie de krill suggéré vers la fin des années 1980. Ces analyses démontrent la nécessité 
de données de très bonne qualité et de toute l’année sur tous les navires participant à la 
pêcherie de krill pour aider à interpréter les tendances annuelles de la pêche, données que 
les observateurs scientifiques seront le mieux à même de collecter.

Kawaguchi and Candy
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Figure 2: Interannual variation of the average and median catch/
haul (tonnes) for all nations participating in the krill fishery 
between the 1997/98 and 2006/07 CCAMLR seasons. 
JPN – Japan; KOR – Republic of Korea; UKR – Ukraine; 
POL – Poland; USA – USA; RUS – Russia; GBR – United 
Kindgom; ARG – Argentina; URY – Uruguay.
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area was tested separately, a significant negative trend
was observed when areas with seasonal ice cover were
grouped (P = 0.02 for South Shetland Islands and
South Orkney Islands) (Table 1; Fig. 3). The lack of
correlation when these areas were tested separately is
probably because the area of fisheries operation is
dictated by both ice condition and krill density. The
krill fishery is known to move swiftly between fishing
areas to find commercially profitable aggregations
(Kawaguchi, Nicol, Taki & Naganobu 2005). In
addition, the fishers! primary preference is to operate
towards the south of the fishing grounds, but the exact
location of fishing (e.g. South Shetland or South
Orkney) seems to be largely dictated by the local krill
density.
The Antarctic Peninsula region is one of the most

rapidly warming parts of the planet (Moline, Claustre,
Frazer, Schofields & Vernet 2004). The waters to
the north west of the Antarctic Peninsula is one of
the principal spawning and feeding grounds of the
Antarctic krill (Siegel 1988) and the Antarctic Peninsula
is the area with highest abundance of krill predators
around theAntarctic continent. It is here that the fishery

for krill has concentrated (Kock et al. 2007). The winter
period when much of the krill habitat is ice covered has
been viewed as a time when the krill population has a
respite from predation and harvesting. If this area
where krill are most abundant becomes perennially
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Figure 1. Map of study area and its subdivision. Krill fishing area are around the South Shetland Islands (CCAMLR Area 48.1), South Orkney

Islands (CCAMLR Area 48.2) and South Georgia (CCAMLR Area 48.3). The northern limits of winter (September 1999: thick line) and summer

(January 2000: thick dotted line) sea ice are presented for illustrative purposes (Redrawn from Murphy, Thorpe, Watkins & Hewitt 2004). 1000 m

isobath (thin dotted line). Historical krill fishery catches between 1979–2001, aggregated by finescale (0.5! latitude by 1! longitude) rectangles, are
indicated (Reproduced from Jones & Ramm 2004)1.
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1Historical krill fishery catches in Figure 1 is reproduced from

Deep-Sea Research II Vol. 51, Jones C.D. & Ramm D.C., The

commercial harvest of krill in the southwest Atlantic before and

during the CCAMLR 2000 Survey, Copyright (2004), with permis-

sion from Elsevier.
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Climate change is predicted to affect marine fisheries,
but these effects are usually considered to be indirect,
for example through distributional changes in fish
populations (Perry, Low, Ellis & Reynolds 2005),
changes in marine biodiversity (Cheung, Lam,
Sarmiento, Kearney, Watson & Pauly 2009) or
changes in oceanic productivity (Sharp 2003). This
article shows that in Antarctic waters, there is already
evidence of direct e!ects of the changing physical
environment – the duration of sea ice cover – on the
seasonal behaviour of the region!s largest fishery, that
for Antarctic krill, Euphausia superba (Kock, Reid,
Croxall & Nicol 2007). Declining sea ice cover in the
main krill fishing grounds has resulted in greater
accessibility of krill stocks to the fishing fleets, partic-
ularly during winter, and this change in fishing
behaviour will need careful management in an era of
rapid ecological change.

The fishery for Antarctic krill is the largest in
tonnage in the Southern Ocean, and managed by
Commission for the Conservation of Antarctic Marine
Living Resources (CCAMLR), taking an annual catch
of !120 000 t yr)1 from three fishing grounds in the
South Atlantic (Kock et al. 2007). The internationally
agreed precautionary catch limits for the krill fishery
total some 6.55 million tonnes making this fishery one
of the few fisheries worldwide that is currently
exploited far below its sustainable level (Kock et al.
2007). The key role of krill in the Antarctic ecosystem
has required a precautionary approach to management
of the harvesting of this species, but this management

approach is yet to take into account the e!ects of a
changing climate (Kock et al. 2007). Over the four
decades during which the krill fishery has been
operating, there has been a distinct pattern of opera-
tion of the fishing fleets in the three fishing grounds in
the South Atlantic: South Georgia, the South Orkney
and the South Shetland Islands (Fig. 1). Fishing
operations in Antarctic waters are primarily a!ected
by ice conditions. The South Georgia fishing grounds
are always ice free in winter and summer thus
permitting year-round exploitation, the South Orkney
generally have a longer ice-free season than the South
Shetland, thus the potential fishing season has been
more constricted towards the south (Fig. 1) (Kawag-
uchi, Nicol, Taki & Naganobu 2006; Kawaguchi &
Nicol 2007).

In recent years, especially during the last two
decades, the winter ice conditions in the South Atlantic
have been benign, showing a significant negative trend
in annual ice cover index (y = 0.0518x + 107.67;
r2 = 0.22, P < 0.05). Consequently, the krill fishing
fleet has been able to remain in the south of the fishing
grounds, especially in the South Shetland Islands area,
for a much greater part of the year (Fig. 2), thus
catches from this region have continued throughout
winter in some recent years. The longer fishing season
towards the south may also be associated with a
possible shrinkage of the overall distribution of krill
range as a result of climatic warming (Siegel 2005).

Although no trends were observed between sea ice
index and the duration of fishing operations when each
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Abstract

Ten years of recent fine-scale haul-by-haul krill data were used to characterise the 
behaviour of the krill fishery. Analysis of distance between hauls in relation to their catch 
level revealed a distinct pattern. Mean between-haul distances were generally longer 
when catch levels fell below 10 tonnes/haul, and the travel distance decreased as the catch 
level increased; this pattern was most obvious for operations by Japanese fishing vessels. 
There were differences between statistical areas with longer distances moved between 
hauls in Subarea 48.1 compared to Subareas 48.2 and 48.3, reflecting the large number 
of fishing grounds within this area. The same patterns were observed for vessels from 
other nations, but were less clear. The study suggests the movement trends for Japanese 
vessels could form the basis for describing a generalised fishery model. Updates for some 
of the parameters for the krill fishery model suggested in the late 1980s are proposed 
based on the results from this study. These analyses demonstrate the need for high-quality 
year-round data on all vessels participating in the krill fishery to assist in interpreting the 
annual fishing patterns, which can best be collected by scientific observers.

Résumé

Dix années de données récentes à échelle précise par trait sur le krill ont servi à caractériser 
le comportement de la pêcherie de krill. L’analyse de la distance entre les traits de chalut par 
rapport à leur niveau de capture a révélé une tendance distincte. Les distances moyennes 
entre les traits de chalut étaient généralement plus grandes lorsque le niveau de capture 
tombait en dessous de 10 tonnes/trait, et la distance parcourue diminuait lorsque le niveau 
de capture augmentait, tendance qui était particulièrement manifeste dans les opérations 
de pêche des navires japonais. On a noté des différences entre les zones statistiques : 
les distances parcourues entre deux traits étaient plus grandes dans la sous-zone 48.1 
que dans les sous-zones 48.2 et 48.3, ce qui reflète le grand nombre de lieux de pêche 
se trouvant dans ce dernier secteur. Les navires d’autres nations présentaient les mêmes 
tendances, mais avec moins de netteté. L’étude suggère de décrire un modèle de pêcherie 
généralisé à partir des tendances du déplacement des navires japonais. Il est proposé, 
d’après les résultats de cette étude, de mettre à jour certains paramètres du modèle de 
pêcherie de krill suggéré vers la fin des années 1980. Ces analyses démontrent la nécessité 
de données de très bonne qualité et de toute l’année sur tous les navires participant à la 
pêcherie de krill pour aider à interpréter les tendances annuelles de la pêche, données que 
les observateurs scientifiques seront le mieux à même de collecter.
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Figure 3: A series of trend lines of predicted average distance 
between hauls (n miles) as a function of catch (tonnes) 
for each statistical subarea in period-2 for Japan alone 
and all other nations combined.
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Figure 4: Predicted trends in distance between hauls (n miles) 
as a function of catch (tonnes) for period-2, which 
combines the trends of three statistical areas for 
Japan alone and all other nations combined. These 
predictions were obtained by averaging across the 
difference in trends in x with statistical area for each 
nationality, i.e. the LMM is as given by Table 3 but 
x and nationality were the only terms in the predict 
function call.
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area was tested separately, a significant negative trend
was observed when areas with seasonal ice cover were
grouped (P = 0.02 for South Shetland Islands and
South Orkney Islands) (Table 1; Fig. 3). The lack of
correlation when these areas were tested separately is
probably because the area of fisheries operation is
dictated by both ice condition and krill density. The
krill fishery is known to move swiftly between fishing
areas to find commercially profitable aggregations
(Kawaguchi, Nicol, Taki & Naganobu 2005). In
addition, the fishers! primary preference is to operate
towards the south of the fishing grounds, but the exact
location of fishing (e.g. South Shetland or South
Orkney) seems to be largely dictated by the local krill
density.
The Antarctic Peninsula region is one of the most

rapidly warming parts of the planet (Moline, Claustre,
Frazer, Schofields & Vernet 2004). The waters to
the north west of the Antarctic Peninsula is one of
the principal spawning and feeding grounds of the
Antarctic krill (Siegel 1988) and the Antarctic Peninsula
is the area with highest abundance of krill predators
around theAntarctic continent. It is here that the fishery

for krill has concentrated (Kock et al. 2007). The winter
period when much of the krill habitat is ice covered has
been viewed as a time when the krill population has a
respite from predation and harvesting. If this area
where krill are most abundant becomes perennially
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Figure 1. Map of study area and its subdivision. Krill fishing area are around the South Shetland Islands (CCAMLR Area 48.1), South Orkney

Islands (CCAMLR Area 48.2) and South Georgia (CCAMLR Area 48.3). The northern limits of winter (September 1999: thick line) and summer

(January 2000: thick dotted line) sea ice are presented for illustrative purposes (Redrawn from Murphy, Thorpe, Watkins & Hewitt 2004). 1000 m

isobath (thin dotted line). Historical krill fishery catches between 1979–2001, aggregated by finescale (0.5! latitude by 1! longitude) rectangles, are
indicated (Reproduced from Jones & Ramm 2004)1.
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Figure 2. Number of months operated by the krill fishery within each

area in each CCAMLR fishing season (1 December to 30 November).

d South Shetland Islands (Area 48.1); s South Orkney Islands (Area

48.2); · South Georgia (Area 48.3).

1Historical krill fishery catches in Figure 1 is reproduced from

Deep-Sea Research II Vol. 51, Jones C.D. & Ramm D.C., The

commercial harvest of krill in the southwest Atlantic before and

during the CCAMLR 2000 Survey, Copyright (2004), with permis-

sion from Elsevier.
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