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Abstract
Risk sensitivity is an important component of fisher behaviour, yet its impact on
fisher decision-making and utility is poorly understood. Here, we incorporate various forms of risk in a model of location choice by fishing vessels targeting broadbill
swordfish, Xiphias gladius, and evaluate the importance of risk sensitivity for predicting location, perceived utility and profit over a fishing season. We consider
short-term, or trip-level, risk as natural, social or endogenous. Longer-term, or seasonal, risk includes accumulated profit as a state variable. When considering only
short-term risk, endogenous and social risks are predicted to have the largest
impact on profit, while natural risk also is predicted to impact on location choice.
When longer-term (seasonal) risk was considered, the impacts of short-term (triplevel) risks on profit were reduced. Model results were somewhat sensitive to
assumed input parameters. The model allows users to quantify the extent of risk
interaction and the relative sensitivity of perceived utility, location choice and
profit. By providing a utility function capturing the fisher decision-making process,
the model provides a platform for the consideration of simultaneous forms of risk
under different circumstances.
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Introduction
The importance of risk sensitivity to many economic
situations, including the understanding of fisher
behaviour, is well appreciated (Knight 1921;
Dupont 1993; Holland and Sutinen 2000; Mistiaen
and Strand 2000; Eeckhoudt and Hammitt 2001;
Eggert and Martinsson 2004; Salas and Gaertner
2004; Smith and Wilen 2005; Christensen and
Raakjaer 2006). However, in the fisheries context,
the incorporation of different forms of risk and
understanding their impact on both fisher decisionmaking and overall profit has not been comprehensively investigated. Here, we extend a dynamic-state
variable model of fisher location choice (Dowling
et al. 2012) to consider the sensitivity of location
choice and seasonal profit to various forms of risk.
We have previously developed a game theoretic
model for fishing fleet behaviour using remaining
effort quota as a state variable and with risk-neutral profit accumulation (Dowling et al. 2012). We
applied this model to evaluate the impact of various forms of spatial management in a tuna longline fishery, assuming that fishers aim to maximize
their accumulated profit over the course of a fishing season. There has been debate about the
extent to which the maximization of short-term
profit is the key motivation for fishers (Bockstael
and Opaluch 1983; Robinson and Pascoe 1997;
Hutton et al. 2004). Moreover, it is acknowledged
that risk and its perception are key components
driving fisher behaviour (Dupont 1993; Mistiaen
and Strand 2000; Oostenbrugge et al. 2001; Eggert
and Martinsson 2004; Smith and Wilen 2005;
Christensen and Raakjaer 2006; Holland 2008;
Brick et al. 2012; Nursey-Bray et al. 2012).
2

Although much work has been devoted to identifying and statistically comparing the relative influence of factors driving fisher behaviour (see van
Putten et al. 2012 for a review), comparatively less
effort has been dedicated to integrating these factors
in a quantitative description of combined utility.
In ecological models of utility maximization, risk
has commonly been explicitly included within the
fitness function, where this is considered to be a key
driver of behaviour. For example, predation risk has
been incorporated in state variable models of salmon diel migration (Mangel and Clark 1988 Chs 1,
5; Clark and Levy 1988). However, in the context
of fisheries, decisions of location choice by fishermen typically involve the assimilation of various
forms of risk, both short and long term (i.e. trip level
and seasonal). Additionally, the short- and longterm, or trip-level and seasonal, goals of the fisher
may not be the same. Although this is acknowledged, there are few examples of fleet dynamics
models incorporating risk, let alone the range of risk
factors assimilated by fishers. Where risk is
included, it is typically only as a single form. For
example, risk has been incorporated in dynamicstate variable models of discarding behaviour as the
probability of trips ending early due to extraneous
circumstances (Gillis et al. 1995; Babcock and Pikitch 2000). Larson et al. (1999) incorporated risk
perception in discrete location choice modelling,
and Ewald and Wang (2010) assumed risk aversion
in a model of sustainable yield. Risk preferences
(averse, neutral or prone) were incorporated in Mistiaen and Strand’s (2000) model of fisher utility
maximization via location choices, while risk aversion was included in Holland and Sutinen’s (2000)
location choice model.
© 2013 John Wiley & Sons Ltd, F I S H and F I S H E R I E S
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In this paper, we simultaneously incorporate
various forms of risk in a model of location choice
decision-making, thereby providing a means to
theoretically evaluate the importance of risk sensitivity for predicting fisher location choice and
profit over a fishing season. To enable this, we
simplify our existing, more complex game theoretic
model (Dowling et al. 2012) to a baseline model
into which the various forms of risk are incorporated.
We consider three forms of short-term risk
behaviour that affect fisher decisions at a trip
level: natural risk (the risk of the vessel incurring
damage, resulting in financial costs and enforced
time in port for repair), social risk (in terms of
meeting a financial obligation in order be able to
fish again in the immediate future) and endogenous risk (the relationship between profit and utility – risk preference). We also consider longerterm risk in the form of seasonal (i.e. accumulated) profit.
By incorporating various forms of risk, both
short and long term (trip level and seasonal), we
obtain an understanding of the trade-off between
these and provide a more complete description of
the utility function of fishers. Understanding the
relative importance of the forms of risk, both individually and interactively, is useful in focusing
information requirements for specific case-study
applications. If location choice and profitability are
largely robust to one form of risk, then it is less
important to estimate it.
Methods
A baseline model for state-based decision-making
in an effort quota fishery
In Dowling et al. (2012), we developed a model for
state-dependent behaviour of individual fishing
vessel types, translated into behaviour of the fleet
and implemented it using stochastic dynamic programming (Mangel and Clark 1988; Clark and
Mangel 2000; Costello and Polasky 2008). We
considered a hypothetical single-species fishery,
approximately informed by the Eastern Australian
longlining fishery targeting broadbill swordfish
(Xiphias gladius, Xiphiidae), with a single vessel
type operating out of one port, and comprising 24
regions (Fig. 1) with no stochasticity. The state
variable in this model was the amount of effort
quota E(t) remaining at time t in the season. The
© 2013 John Wiley & Sons Ltd, F I S H and F I S H E R I E S

model is readily applicable to any other effort
quota fishery.
This model of location choice in a longline fishery
gives provision of a means to theoretically evaluate
the importance of risk. The emphasis is thus on the
approach, and the general evaluation of risk, as
opposed to the direct applicability of the results to a
given fishery. For simplicity, we now eliminate the
price game to allow both for the complexity associated with the introduction of various forms of risk
and to enable a more straightforward interpretation
of results. Full details of the model structure are provided in Dowling et al. (2012).
We assume pl(t, x) is the profit from the most
recent trip to location l at time t in the season,
where x units of effort were deployed:
pl ðt; xÞ ¼ p  ql ðtÞ  Nl ðtÞ  x  q  Dl  c  x

ð1Þ

where
p is the unit price for landed fish.
ql(t) is the catchability of fish in region with
location l at day t of the current fishing season
(approximating moon phase, a factor strongly
influencing swordfish targeting) (Campbell and
Hobday 2003).
Nl(t) is the abundance of fish in region with
location l at day t of the current fishing season,
determined exogenously by assuming that fish
are distributed symmetrically about a core central spatial cell according to a bivariate normal
distribution. We model the movement in the
location of the peak fish density at quarterly
intervals during the fishing season, for a stock
moving in an anticlockwise direction. This
results in varying fish availability by area
across the fishing season.
q is the unit travel cost.
Dl is the distance from location l to port
(assuming that each location is 5 degrees
square and that each degree equates to 100
units of distances).
c is the cost per longline shot (unit of effort).
Consistent with the operations of longline vessels (Campbell 2007), we assume that laying x
shots requires x days.
We let Fðs; tÞ denote the maximum expected
profit accumulated between the current time t and
the end of the season, T, given E(t) = s. Then F(s,
T) = 0, because no profit can be accumulated after
the end of the season, even if effort remains, and for
previous times
3
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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. The star
shape indicates the port latitude, and the arrows and numbers indicate the movement of the centroid of the fish stock
at quarterly intervals over the time series.



2Dl
þ xÞ
Fðs; tÞ ¼ max pl ðt; xÞ þ Fðs  x; t þ
l;x  s
v
ð2Þ
where v is the vessel velocity and hence 2Dv l is the
return travel time to region l, noting that trips
consist of visiting one location only.
Equation (2), the dynamic programming equation (DPE), is solved by backward iteration,
which also determines the optimal fishing region
and the optimal number of shots yielding the
maximum accumulated profit. Once Equation (2)
is solved, forward projections are used to calculate the total remaining effort, the accumulated
value and the location choice associated with
each trip. We use this baseline model to undertake a two-phase theoretical investigation of the
sensitivity of fishing behaviour to various forms
of risk.

Short-term (trip-level) risk
We categorize short-term risk as the risk having
an immediate impact on the decision made around
the current fishing trip. We simultaneously con4

sider natural risk, social risk and endogenous risk
(risk preference).
Natural risk
This is the risk of the vessel incurring damage,
resulting in financial costs and enforced time in
port to repair.
We here assume that the probability of not
being damaged in the current trip,
Prðnot damagedÞ ¼ el ;

ð3Þ

is directly proportional to the distance from port
Dl, that is,
lðlÞ ¼ l0 þ l1 

Dl
; 0\l0 \\1
Dmax

where
Dmax is the maximum possible distance that
may be travelled from port.
l0 is the distance-independent rate of damage.
l1 is the distance-dependent rate of damage.
We assume that the highest risk factor for longline vessels is exposure to inclement weather. Trips
further from port are longer in duration, due to
increased travel time, meaning the vessel is
exposed for longer, and high seas trips are more
© 2013 John Wiley & Sons Ltd, F I S H and F I S H E R I E S
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liable to experience damaging weather conditions
than fishing coastally. We assume that if a vessel
becomes damaged during a trip, there is a fixed
cost, d, incurred to repair the vessel, and there is
lost time in port for a period Td while the vessel is
being repaired.
More generally, we acknowledge that natural
risk may be manifested in different forms for different fisheries. For example, exposure, bottom type,
currents and time spent fishing may be contributing factors, rather than distance from port. However, most of these factors are location specific,
such that probabilities of damage may be assigned
to different areas in a manner similar to Equation (3), but with an alternative specification of l.
Equation (3) could also readily be modified to
include the time spent fishing.
Social risk
We define social risk as arising from the profit of the
current trip being too low to facilitate fishing in the
next time period. Following an unprofitable trip,
skippers will often remain in port to avoid further
losses, typically until conditions affecting the perceived availability of fish (e.g. oceanographic or
weather) change. For example, Lopes and Begossi
(2011) found that the number of trips on a given
day was positively correlated with catch on the previous day for small-scale trawlers, while de Olivera
and Begossi (2011) found that the return rate on
the last fishing trip influenced fishers’ choices to
return to that fishing ground on their next trip.
For simplicity, we assume the amount of time in
port to be constant. We let j(t) denote the cost of
going fishing in the next period and assume that
the likelihood of going fishing depends upon it and
the profit this period. In particular, we assume
that probability of being able to fish at the next
time period is
c¼

pl ðt; xÞn
pl ðt; xÞn þjðtÞn

uðpÞ ¼ pl ðt; xÞð1þcÞ

ð5Þ

where 1 < c ≤ 0 results in risk aversion, c = 0
equates to risk neutrality, and c > 0 describes riskprone behaviour.
There is ongoing debate around whether risk
preferences are better described by prospect theory than by expected utility theory, wherein the
former allows for loss aversion (risk preferences
when choices involve loss), for agents to be
simultaneously risk preferring to gain and risk
averse to loss and for the overweighting of low
probabilities (Nguyen and Leung 2009; Brick
et al. 2012). Using expected utility theory to represent endogenous risk, however, provides an initial platform to investigate and interpret the
sensitivity of location choice and profit to risk
preference, because the risk remains constant
throughout the season and with the level of
(acquired or anticipated) profit.

ð4Þ

Here, n controls the steepness of this probability.
As n increases, c becomes more of a threshold
function, approaching 0 if the current profit is
below the cost and 1 if it is above. Thus, we can
interpret j(t) as the cost of outfitting the vessel
and remunerating crew for the next trip.
If the trip does not make enough profit to fish in
the next time step, the vessel must remain in port
for a fixed period sport (Table 1). After this, the vessel once again goes fishing.
© 2013 John Wiley & Sons Ltd, F I S H and F I S H E R I E S

Endogenous risk (risk preference)
Endogenous risk describes the risk preference of
the fisher (risk averse, neutral or prone). It may be
considered as the behavioural manifestation of factors such as social and natural risk, and also a
major determinant in fisher responses to various
changes in fishing stock, market and weather conditions (Mistiaen and Strand 2000). As such,
understanding fishers’ risk preference is a key
aspect of modelling and analysing fishers’ decision-making behaviour (Holland 2008; Nguyen
and Leung 2010).
For simplicity, we assume that risk preference
follows expected utility theory as per Meyer
(1987) and represent endogenous risk using the
familiar economic risk aversion/risk-taking power
function commonly employed in the literature
(e.g. Eggert and Martinsson 2004). We define utility of profit by

Combining the three forms of short-term (triplevel) risk behaviour in one unified equation
When considering short-term (trip-level) risk
behaviour, our state variable remains the amount
of effort, s, remaining at time t in the season. Natural, social and endogenous risks are considered
simultaneously as follows. The maximum expected
profit accumulated between the current time t and
the end of the season, T, is computed using the
DPE:
5



Fðs; tÞ ¼ max Vport ðs; tÞ; Vfish ðs; tÞ ;

ð6Þ

Vport ðs; tÞ ¼ Fðs; t þ 1Þ

ð7Þ

l;x  s

where

is the value if the vessel chooses to stay in port for
the next time step.
The value of fishing combines the three forms of
risk,
Vfish ðs; tÞ ¼ maxfelðlÞ ½pðx; lÞ1þc þ Vno
l;x

damage 

þ ð1  elðlÞ Þ½ðpðx; lÞ  dÞ1þc þ Vdamage g

1
15
10
10 000
0.001

(0, 0.02, 0.05, 0.07, 0.1)

(0, 50 000, 100 000, 125 000, 200 000, 350 000)

(0.07, 0.03, 0, 0.04, 0.06)

Longer-term (seasonal) risk suite
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ð8Þ

6

1
15
10
10 000
0.001
1
0
0
0
0
Exponent in social risk
Time in port if damaged
Time in port if proﬁt too low
Cost of repairing damaged vessel
Natural risk offset parameter

1
15
10
10 000
0.001

0.01
0
Natural risk parameter

0.05

0
j(t) = proﬁt at which P
(ﬁshing next time) = 0.5

50 000

50 000

(0.07, 0.05, 0.03, 0.01,
0, 0.01, 0.02, 0.04, 0.05, 0.06)
(0, 50 000, 75 000, 100 000,
125 000, 150 000, 175 000,
200 000, 250 000, 350 000)
(0, 0.01, 0.02, 0.03, 0.04, 0.05,
0.06, 0.07, 0.08, 0.09, 0.1)
1
15
10
10 000
0.001
0.05
0.1
0
Endogenous risk perception = 1 + c

n

Baseline
scenario
Deﬁnition

Vno

¼ c  Fðs  x; t þ t0 Þ
þ ð1  cÞFðs  x; t þ t0 þ sport Þ
¼ c  Fðs  x; t þ t0 þ Td Þ
; ð9Þ
0
þ ð1  cÞ  Fðs  x; t þ t


þ max Td ; sport Þ

damage

Vdamage

where t’ is the time taken for the trip (travel
time + fishing time).
Note that, for the case where fn ¼ 1; lðlÞ ¼
jðtÞ ¼ c ¼ Td ¼ sport ¼ d ¼ 0g; Vfish ðs; tÞ reduces to
the simple base case described by Equation 2.
As with the baseline model, the DPE is solved by
backward iteration. This determines the optimal
fishing region and the optimal number of shots
yielding the maximum perceived utility, according
to the natural, social and endogenous risk. We then
forward project to calculate the total remaining
effort, the accumulated realized value and the location choice associated with each trip. It is important
to note that the perceived utility (Equation 6) differs
from the realized value. The former directly incorporates the three forms of risk [including the endogenous risk/risk preference power function
(Equation 5)], while the latter is simply the profit as
per Equation (1), given the choice of location and
number of shots. In the forward projections, for
each trip, the event of natural or social risk being
realized is determined stochastically using random
number generation against their given probabilities,
and the relevant time and financial penalties are
imposed if the risk is realized.

n
Td
sp
d
l0

l1

j(t)

Long-term (seasonal) risk: accumulated profit as a
state variable

c

Parameter

Table 1 Summary of parameter combinations evaluated.

Scenario 1
(risk averse,
higher risk of
damage)

Scenario 2
(risk taking,
lower risk of
damage)

Short-term
(trip-level) risk suite

where

We define longer-term risk behaviour on the
scale of the fishing season and include accumu© 2013 John Wiley & Sons Ltd, F I S H and F I S H E R I E S
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lated profit to date as a state variable, in addition to the amount of effort remaining. This
incorporates satisficing by allowing for the
option of quitting fishing for the season, if an
acceptable level of accumulated profit has been
reached.
We let R(t) denote the accumulated profit from
time 0 through to t and F(s,r,t) the maximum
expected profit accumulated between the current
time t and the end of the season, T, given E(t) = s
and R(t) = r. We define
UðrÞ ¼ r1þc

with the same endogenous risk, 1 + c, as before.
The terminal condition is now
Fðs; r; TÞ ¼ UðrÞ
and the DPE is:


Fðs; r; tÞ ¼ max Vport ðs; r; tÞ; Vfish ðs; r; tÞ; Vquit ðs; r; tÞ
l;a;x  s

ð10Þ
where
Vport ðs; r; tÞ ¼ Fðs; r; t þ 1Þ; as before, and
Vquit ðs; r; tÞ ¼ UðrÞ

ð11Þ

where
Vquit (s,r,t) is the value associated with quitting
fishing if a personally acceptable level of accumulated profit for the season has been reached
(satisficing).
Including the social and natural forms of risk
from above,
Vfish ðs; r; tÞ ¼
n
max elðlÞ  Vno
l;x;a

damage



o
þ 1  elðlÞ  Vdamage
ð12Þ

In analogy to Equation (4) above, we set
pl ðt;xÞn
ðif the vessel is undamagedÞ
pl ðt;xÞn þjðtÞn
ðpl ðt;xÞ  d Þn
cdam ¼
ðif the vessel is damagedÞ
ðpl ðt;xÞ  dÞn þjðtÞn
ð13Þ

cno dam ¼

to be the probability of being able to go fishing in
the next period.
© 2013 John Wiley & Sons Ltd, F I S H and F I S H E R I E S

Equation (9) is replaced by
¼ c  Fðs  x; r þ pl ðt; xÞ; t þ t0 Þ
þ ð1  cÞ  Fðs  x; r þ pl ðt; xÞ; t þ t0 þ sport Þ
Vdam ¼ cdam Fðs  x; r þ pl ðt; xÞ  d; t þ t0 þ Td Þ

Vno

dam

þ ð1  cdam ÞFðs  x; r þ pl ðt; xÞ
 d; t þ t0 þ maxfsport; Td gÞ
ð14Þ
For computations, we interpolated accumulated
profit as a series of binned categories, where Rmax
ranged from 0 to 4 9 106, in 40 increments of
1 9 105.
Developing an integrated understanding of the
effects of risk and accumulated profit
By changing the values of three main risk parameter values, l1 (for natural risk), jðtÞ (for social risk)
and c (for endogenous risk), we build up a profile of
fisher response and consider how the forms of risk
interact at various scales. The scenarios examined
are summarized in Table 1. We assume a 120-day
fishing season with an effort allocation of 100 shots
(= days fishing).
We first examined single combinations of risk
parameters to obtain ‘snapshot’ interpretations of
their effect on the solutions to the DPE, to location
choice and to realized profit from forward projections. Then, we examined a suite of combinations to
obtain an integrated understanding of the effects of
risk and accumulated profit (Table 1). For shortterm (trip-level) risk behaviour, we consider a suite
of (10 9 10 9 10) = 1000 parameter value combinations. Due to the longer run time for the accumulated profit model, we used a suite of
(5 9 5 9 5) = 125 parameter to evaluate longerterm (seasonal) risk behaviour.
We investigated the effects of the three forms of
risk by fitting generalized linear models (GLMs)
(with a Gaussian probability distribution and identity link function) to (i) perceived utility (from the
backwards solution to the DPE) and (ii) the total
profit at the end of the season (from the forward
projections), using the three risk parameters and
their interactions as predictors:
Ui ¼ q1;i  c þ q2;i  jðtÞ þ q3;i  l1
where
Ui is the perceived utility or the total realized
profit, as denoted by the i subscript.
qa,i are the coefficients fitted by the GLM.
7
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While the use of statistical tests on data that
lack random variation is uncommon, our results
can still be viewed as samples from a population,
and this approach is often applied in Bayesian
analysis of complex computer experiments. As we
show, the GLMs gave an indication of the general
correlations between the perceived utility or profit
and the multiple forms of risk considered.
For risk aversion, c = 0.07 equated to a perceived utility of <50% of the actual value, while
for risk taking, c = 0.06 equated to a perceived
utility of almost twice the actual value. Values for
the social risk parameter jðtÞ were based on the
range of profits per trip resulting from the baseline
scenario (132401 to 2365550). These equated to
the probability of being able to fish in the next
time step ranging from 27% to 100%. Natural risk
parameter values equated to an approximate
range of 1%–10% chance of the vessel being damaged per trip. These values were based broadly on
an anecdotal understanding of the fishery.
These parameter values and the ranges thereof
are not based on observations, as such information was not directly available for the fishery.
However, each set of values embrace broad yet
plausible bounds for each parameter, given that
the impetus for this study was the investigation
of which (if any) of these parameters may
strongly influence location choice and profit.
Should there be strong sensitivity to the values of
any parameter, this indicates the importance of
gaining an improved understanding of its true
range of values.
Sensitivity analysis
For each version of the model, we investigated the
sensitivity of perceived utility, profit and location
choice to various input parameters across the 125
parameter value combinations described above. A
summary of the range of input parameter values
that were examined is provided in Appendix S1.
The values for maximum number of shots per trip
were based on those from Dowling et al. (2012)
and embraced larger and smaller capacity vessels,
as did the range of cost-per-unit-travel values
tested. The values considered for the cost of repairing the vessel if damaged equated to 0.4% to 75%
of the profit per trip from the baseline scenario.
Time in port if damaged, or if the profit from the
previous trip was too low, was increased up to
one-third and one quarter of the season, respec8

tively, with the latter duration coincident with the
quarterly movement of the modelled fish stock.
The natural risk offset parameter, l0, was
increased by two orders of magnitude, equating to
offset probabilities of no damage ranging from
90% to 99.9%. The exponent in the social risk
function, n, was increased to 2 and 3 so that c
became increasingly a threshold function. Shifting
the central peak in fish abundance one cell to the
north-east was hypothetical but broadly approximated fishers targeting species further offshore
and to the north (Campbell 2007).
While again based more on an anecdotal understanding of the fishery rather on direct observation, the ranges considered for each of the input
parameters are broad enough to embrace reasonable expectations for the fishery. Regardless, the
aim of sensitivity testing is to identify which
parameters to which the model is sensitive and
thus those whose values should be resolved with
greater certainty.
We evaluated sensitivity using (i) ribbon plots
(Dowling et al. 2012) for each value of each of the
three categories of risk parameter (where the other
two risk parameter values = 0) showing time series of cumulative profit and remaining effort for
one Monte Carlo realization; (ii) 3D surface plots
of total profit at season end from forward projections, relative to the scenario where all risk
parameter values = 0, for all considered combinations of natural and social risk, and each considered value of endogenous risk; and (iii) 3D surface
plot of total perceived utility at t = 1, e = Emax
from backward solutions, relative to the scenario
where all risk parameter values = 0, for all considered combinations of natural and social risk, and
each considered value of endogenous risk.
Results
As there is a large amount of detail in interpreting
the model outcomes, the following is a succinct
summary of the main findings and key results.
The full suite of results is found in the supplementary online Appendix.
Short-term (trip-level) risk behaviour
Fixed risk combinations
Under the baseline scenario, there are continuous
trips to areas of peak fish density (Fig. 2a). The
solution to the DPE advocates remaining in port
© 2013 John Wiley & Sons Ltd, F I S H and F I S H E R I E S
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Figure 2 ‘Ribbon plot’ of baseline scenario (a), and scenarios 1 (b), 2 (c) and 3(d), showing time series of cumulative
profit and remaining effort for one Monte Carlo realization, for the short-term (trip-level) risk model. The height of the
patterned bar equals the effort spent on the trip (with the cumulative profit at the mid-point), while the width equals
the duration of the trip. The pattern equates to the area visited on the trip, as per Fig. 1. Vertical dashed lines indicate
the quarters of the fishing season.

towards the end of each quarter if the remaining
effort is low relative to the time remaining in the
season.
Three fixed risk combinations were chosen as
illustrative examples (Fig. 2b–d). The first, which
was a risk averse, higher risk of natural damage
combination {c = 0.1; jðtÞ ¼ 50000; l1 ¼ 0:05
showed a reduction in profit relative to the baseline scenario due to vessel damage and the realization of social risk (Fig. 2b). The DPE solution
advocated going to sea for the majority of states,
but at more inshore locations when the remaining
effort was low or when the end of the season was
imminent. The second fixed risk combination was
risk taking with a lower risk of natural damage
© 2013 John Wiley & Sons Ltd, F I S H and F I S H E R I E S

fc ¼ 0:05; jðtÞ ¼ 50000; l1 ¼ 0:01g and resulted
in the overall profit being severely compromised
by vessels spending the majority of the season in
port (Fig. 2c). For this scenario, the DPE solution
perceived it to be optimal to spend time in port
both if effort was high and if effort was low relative to the amount of time remaining in the season, except at the end of the season when inshore
locations were favoured. In the absence of endogenous or natural risk fc ¼ 0; jðtÞ ¼ 50000; l1
¼ 0g, profit was compromised to a similar extent
as the first scenario, with similar durations in port,
suggesting that social risk had the strongest influence, relative to risk aversion and high natural
risk, on behaviour and profit (Fig. 2d).
9
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When considering the full suite of 1000 risk
combinations, risk affected the DPE (backwards)
solutions in a different manner to which it affected
the accumulated profit at the end of the season
from the forward projections. For the backwards
DPE solutions, the GLM indicated that only endogenous risk had a statistically significant
(P < 0.05), positive effect on perceived utility,
because the magnitude of the perceived utility
with endogenous risk applied exceeds that resulting from the inclusion of the other forms of risk
(Table 2).
For the forward projections, all the risk parameters and their two-way interactions had a significant (P < 0.001) effect on overall profit (Table 2).
In contrast to its positive correlation with perceived utility from the DPE (backwards) solutions,
endogenous risk had a negative correlation, with
realized profits decreasing with more strongly risktaking behaviour.
In Table 2 and Fig. 3, we show how the various
forms of risk interacted in the forward projections.
Relative to the baseline scenario, the lowest incremental change to the social risk term resulted in
the strongest decrease in profit (Fig. 3). The

strongest interaction (P < 0.001) was between
endogenous and social risk: increasing risk-taking
behaviour decreased the relative effect of social
risk. Natural risk had the least impact on profitability (Fig. 3), but it was the only risk parameter
to have an effect on location choice (Fig. 4) with
areas immediately inshore of the peak fish density
in any quarter being increasingly favoured as natural risk increases (i.e. when l  0:04) (Fig. 4b–f).
Sensitivity analysis
In Table 3, we summarize the outcomes of sensitivity testing in terms of profit, location choice and
perceived utility, relative to the baseline scenario,
observed from (i) single forward projections varying one risk parameter at a time; (ii) profit at season end from forward projections, across the 125
risk combinations, summarized using 3D surface
plots; and (iii) perceived utility (at the start of season with maximum effort remaining) from backward solutions, across the 125 risk combinations,
summarized using 3D surface plots.
For the range of input parameter values examined, the model was relatively robust, in terms of
the qualitative patterns/shapes of the profit surfaces

Table 2 Summary of generalized linear model results fitting (i) realized profit over the season, from the forward
projections and (ii) perceived utility, from the backward solution of the dynamic programming equation, to the
endogenous, social and natural risk parameters, giving the fitted coefficients and the statistical significance of each
parameter (in parentheses), together with those of their interactions.

Parameter

Deﬁnition

c

Endogenous risk
perception = 1 + c
Social risk: j(t)n = proﬁt
at which P(ﬁshing
next time) = 0.5
Natural risk parameter
Interaction between
endogenous and
social risk
Interaction between
endogenous and
natural risk
Interaction between
social and natural risk
Three-way interaction

j(t)

l1
c: j(t)

c: l1

j(t): l1
c: j(t): l1

Short-term
(trip-level)
risk:
Backward
solution

Short-term
(trip-level) risk:
Forward
projection

Longer-term
(seasonal) risk:
Backward
solution

Longer-term
(seasonal)
risk: Forward
projection

13.25 (***)

1.282 9 107 (***)

14.40 (***)

9.377 9 104 (NS)

3.701 9 108 (NS)

4.443 (***)

1.452 9 106 (***)

3.949 (***)

- 0.4533 (NS)
2.238 9 106 (NS)

1.643 9 106 (***)
10.93 (***)

0.0723 (NS)
1.934 9 105 (***)

2.170 9 106 (***)
0.5339 (NS)

5.057 (NS)

1.476 9 107 (*)

9.682 (NS)

7.084 9 106 (NS)

1.084 9 106 (NS)

4.516 (**)

1.732 9 106 (NS)

4.092 (*)

1.205 9 105 (NS)

1.547 (NS)

2.345 9 105 (NS)

15.88 (NS)

Signiﬁcance codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘1’ ‘NS’.
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Figure 3 Total profit at season end, relative to the baseline scenario, from forward projections for all considered
combinations of natural and social risk, and 4 values of endogenous risk, for the short-term (trip-level) risk model.

given by the combination of risk parameters and in
terms of the relative magnitudes of change. Perceived utility at the start of the season from the
backwards solutions to the DPE showed the strongest sensitivity to changes in input parameter values.
On the other hand, profitability showed sensitivity to altered input parameters only when endogenous risk was considered in combination with
social and, to a lesser extent, natural risk. The
nature and extent of the model sensitivity was
therefore dependent on the combination of risk
factors considered. Changes in response to natural
risk across the different sensitivity scenarios were
© 2013 John Wiley & Sons Ltd, F I S H and F I S H E R I E S

generally strongest when social risk was low or
absent.
Overall, perceived utility and profit were more
sensitive to increases in the social risk exponent,
increases in the time spent in port if profit is too
low to continue fishing, and increases in the cost
per unit of travel. These are all directly related to
social risk. Perceived utility and profit were least
sensitive to changes in time in port if damaged
and to cost of repairing damage. These inputs pertain to the consequences of natural risk, to which
the model is less sensitive relative to the other
forms of risk. Increasing the natural risk offset
11
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Figure 4 ‘Ribbon plots’ for each value of the natural risk parameter (other risk parameter values = 0) showing time
series of cumulative profit and remaining effort for one Monte Carlo realization, for the short-term (trip-level) risk
model. The height of the patterned bar equals the effort spent on the trip (with the cumulative profit at the mid-point),
while the width equals the duration of the trip. The pattern equates to the area visited on the trip, as per Fig. 1.
Vertical dashed lines indicate the quarters of the fishing season.

parameter resulted in more damage events but
higher profits at high levels of natural risk and/or
risk-taking scenarios.
The choice of fishing location was affected only
when the following inputs were varied: (i) time in
port if damaged, (ii) natural risk offset (strongly
increased), (iii) cost per unit travel (increased) and
(iv) fish distribution, and mostly in terms of choosing to fish more immediately adjacent inshore
locations during periods when the peak fishing
12

location was furthest from port (quarters 1 and 4).
It follows that alternative specifications of natural
risk, as opposed to this increasing with distance
from port, would influence location choice in a
manner specific to the location(s) where natural
risk is defined to be lower.
It should be noted that these analyses are limited
to changes in single input parameters. It is likely
that model responses would be amplified if parameters were changed in combination.
© 2013 John Wiley & Sons Ltd, F I S H and F I S H E R I E S

c = endogenous risk

No effect

No effect

No effect

No effect

No effect

Scenario

2a: n = 2

2b: n = 3

3a: Td = 25

3b: Td = 40
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4a: sp = 20
Proﬁt and trips: lower and less
with increasing social risk,
due to longer total port time

Little effect

Proﬁt: higher at lower social
risk and lower at higher
social risk
Proﬁt: unaffected by social risk
until j(t) ≥ 200 000. At
j(t) = 350 000, proﬁt
lower than baseline
Little effect

j(t) = social risk = proﬁt at
which P (ﬁshing next time) = 0.5

No effect

Location choice: when
natural risk ≥0.05, switch
to ﬁsh areas more
inshore/closer to port, as
opposed to this occurring
when natural risk ≥0.07
as per baseline. Proﬁt
not compromised.
As per 3a

Trips: one damage event
irrespective of natural risk
value
Little effect

l1 = natural risk

Proﬁt and location choice from single forward projection; varying one risk parameter only

Proﬁt: sharper decline at highest
level of natural risk, when social
risk is low or zero, especially for
risk-averse scenarios
Proﬁt: lower for a given level of
social risk, particularly for riskaverse scenarios

Little effect

As per 2a

Proﬁt: higher at lower social risk,
especially when more risk averse

3D surfaces of 125 risk
combinations: proﬁt from forward
projections

Perceived utility: higher for risktaking scenarios, when both
social and natural risk levels are
highest

Perceived utility: sharper decrease
at highest natural risk values, in
the absence of social risk

Perceived utility: higher when
social risk >0, for risk-averse or
risk-neutral scenarios
Perceived utility: higher when
social risk is low (but >0) for riskaverse scenarios, especially
when natural risk is higher
Little effect

3D surfaces of 125 risk
combinations: perceived utility
from backwards solutions

Table 3 Summary of outcomes of sensitivity testing for the short-term (trip-level) risk model, in terms of profit and perceived utility, relative to the baseline scenario, observed
from (i) single forward projections varying one risk parameter at a time, summarized using ribbon plots as per Figs 2 and 4; (ii) profit at season end from forward projections,
across the 125 risk combinations, summarized using 3D surface plots; and (iii) perceived utility (at the start of season with maximum effort remaining) from backward solutions,
across the 125 risk combinations, summarized using 3D surface plots. ‘No effect’ equates to no visible discernible difference in the plots from those for the baseline scenario, while
‘little effect’ means that the plots were not visually identical to those for the baseline scenario, but highly similar such that differences in profit, trip frequency and location choice
were minimal.
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13

14

No effect

No effect

No effect

5a: d = 50000

5b: d = 100 000

6a: l0 = 0.01

Trips: intervals in
port irrespective
of endogenous
risk value

No effect

4b: sp = 30

6b: l0 = 0.1

c = endogenous risk

Proﬁt: higher at highest level
of social risk

Little effect

Little effect

Proﬁt and trips: lower and less
when j(t) = 50 000

As per 4a

j(t) = social risk = proﬁt at
which P (ﬁshing next time) = 0.5

Trips and location choice:
more damage events,
especially at higher
levels of natural risk.
Less propensity for
inshore/closer to port
trips at higher levels of
natural risk.

Trips: more damage
incidents at higher
natural risk levels More
inshore/closer to port
trips at lower natural risk
values
Trips: more damage
events, across various
levels of natural risk

Trips: one damage
incident for each of 3
highest natural risk
scenarios, but otherwise
no effect
Little effect

l1 = natural risk

Proﬁt and location choice from single forward projection; varying one risk parameter only

Scenario

Table 3 Continued.

Proﬁt: greater decrease with
increasing natural risk at low
levels of social risk, for riskneutral scenarios. Higher at
higher levels of natural risk, for
the most risk-taking scenario
Proﬁt: less decrease with
increasing social risk; higher
overall for risk-taking scenarios

Proﬁt: slightly higher at low social
risk and high natural risk, for
most risk-taking scenario
Proﬁt: higher at lower social risk
levels for risk-taking scenarios,
and lower at higher levels of
natural risk

Proﬁt: lower for a given level of
social risk, particularly for riskaverse scenarios and when
natural risk is higher

3D surfaces of 125 risk
combinations: proﬁt from forward
projections

Perceived utility: higher overall
when social risk >0

Little effect

Perceived utility: lower for risktaking scenarios at lower social
risk, for all natural risk values
Perceived utility: lower at lower
levels of social risk, for all levels
of natural and endogenous risk

As per 4a

3D surfaces of 125 risk
combinations: perceived utility
from backwards solutions
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No effect

Location choice:
trips inshore/
closer to port
relative to
location of peak
ﬁsh density. Proﬁt
unaffected.
Proﬁt and trips:
fewer, longer trips
with higher proﬁt
per trip. Overall
proﬁt similar to
baseline.

7b: q = 1

7c: q = 20

8b: xmax = 4

Proﬁt and trips:
more, shorter
trips with less
proﬁt per trip.
Proﬁt lower
overall.

No effect

7a: q = 5

8a: xmax = 13

c = endogenous risk

Proﬁt and trips: More, shorter
trips with less proﬁt per trip.
Less overall proﬁt due to
greater total time in port,
especially at higher levels of
social risk.

Proﬁt and trips: fewer, longer
trips with higher proﬁt per
trip. Higher relative proﬁt at
higher levels of social risk.

Location choice and proﬁt:
trips inshore/closer to port
relative to location of peak
ﬁsh density. Lower proﬁt at
lower social risk values.

Proﬁt: generally lower overall
due to longer total port time,
as a result of more trips
being below the break-even
threshold
Proﬁt: slightly higher for
intermediate values of social
risk

j(t) = social risk = proﬁt at
which P (ﬁshing next time) = 0.5

Proﬁt, location choice and
trips: fewer, longer trips
with higher proﬁt per trip.
Similar overall proﬁt.
Less inshore/closer to
port preference,
especially in ﬁrst and last
quarters.
Proﬁt, location choice and
trips: More, shorter trips
with less proﬁt per trip.
Proﬁt lower overall.
Stronger inshore/closer to
port preference at lower
levels of natural risk.

Location choice: trips
inshore/closer to port
relative to location of
peak ﬁsh density. Proﬁt
unaffected.

Location choice: greater
propensity for inshore/
closer to port trips at
lower levels of natural
risk
Little effect

l1 = natural risk

Proﬁt and location choice from single forward projection; varying one risk parameter only

Scenario

Table 3 Continued.

Proﬁt: lower overall; stronger
decrease with the introduction of
social risk

Proﬁt: higher overall; less
decrease with the introduction of,
or increase in, social risk

Proﬁt: lower, especially at higher
levels of natural risk and lower
levels of social risk, for risktaking scenarios. Higher overall
for risk-averse scenarios.
Proﬁt: higher, especially at higher
levels of natural risk and lower
levels of social risk, for risktaking scenarios
Proﬁt: lower at lower social risk
levels. Higher at higher natural
risk levels in the absence of
social risk.

3D surfaces of 125 risk
combinations: proﬁt from forward
projections

Perceived utility: higher overall

Perceived utility: higher for riskneutral or risk-averse scenarios
with no social risk and high level
of natural risk, but lower
otherwise. Lower for risk-taking
scenarios with social risk.

Perceived utility: higher overall
when social risk is >0,
particularly for more risk-taking
scenarios

No effect

Little effect

3D surfaces of 125 risk
combinations: perceived utility
from backwards solutions
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Perceived utility: higher overall
Proﬁt: lower when natural risk is
higher and social risk is lower
Location choice: All trips
inshore/closer to port
than location of optimal
ﬁsh density. Overall proﬁt
unaffected
Location choice: all
trips inshore/
closer to port
than location of
optimal ﬁsh
density. Overall
proﬁt unaffected
9a: Centroid distn = NE

Location choice and trips: all
trips inshore/closer to port
than location of optimal ﬁsh
density; more time spent in
port for any level of social
risk. Overall proﬁt unaffected

l1 = natural risk
c = endogenous risk

j(t) = social risk = proﬁt at
which P (ﬁshing next time) = 0.5
Scenario

Table 3 Continued.

Proﬁt and location choice from single forward projection; varying one risk parameter only

3D surfaces of 125 risk
combinations: proﬁt from forward
projections

3D surfaces of 125 risk
combinations: perceived utility
from backwards solutions
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Longer-term (seasonal) risk behaviour
Fixed risk combinations
The baseline scenario yielded almost identical
results to the simpler, short-term (trip-level) risk
version of the model, which provided a good validation of the model code (Fig. 5 as compared
with Figs 2 and 6b as compared with Fig. 6a).
The same three fixed risk combinations were
examined as illustrative examples (Fig. 5 as compared with Fig. 2). Incorporating accumulated
profit as a state variable resulted in less change
to the DPE solution across the scenarios (Fig. 6b–
d). The DPE solutions appear qualitatively similar
to those for the baseline scenario (Fig. 6b compared with Fig. 6c–d), except at the highest level
of accumulated profit (where either remaining in
port or fishing more inshore locations was
favoured early in the season if the remaining
effort is not low) (Fig. 6b ii), c ii) and d ii). Otherwise, the DPE solutions almost always advocated
fishing in the area of highest fish density. For all
three scenarios, the incorporation of accumulated
profit as a state variable resulted in greater overall profit achieved by the end of the season from
the forward projections through (i) less time
spent in port due to vessel damage or realization
of social risk (scenario 1) (Fig. 5b) or, for scenarios 2 and 3, the realization of social risk,
enabling much more of the effort quota to be
spent (Fig. 5c–d), and (ii) by fishing the areas of
highest fish density (Fig. 5). That scenarios 2 and
3 yielded almost identical results indicates that
the inclusion of accumulated profit as a state variable rendered the effect of risk taking under low
natural risk negligible: the port durations were
solely a result of the realization of social risk.
When accumulated profit is included as a state
variable, the short-term (trip-level) risk parameters
affected the DPE solutions in a generally more
similar manner to which they affected the total
profit at the end of the season from the forward
projection (Table 2), than they did when accumulated profit was not included as a state variable.
Only endogenous and social risks, and their interaction, significantly (P < 0.001) affected the perceived utility from the DPE solution.
In the forward projections, however, realized
profit was significantly influenced (P < 0.05) only
by social and natural risks (both negatively) and,
to a lesser extent, by their interaction (positively
– profits were lower when both social and
© 2013 John Wiley & Sons Ltd, F I S H and F I S H E R I E S
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Figure 5 ‘Ribbon plot’ of baseline scenario (a), and scenarios 1 (b), 2 (c) and 3(d), when accumulated profit is
included as a state variable, showing time series of cumulative profit and remaining effort for one Monte Carlo
realization. The height of the patterned bar equals the effort spent on the trip (with the cumulative profit at the midpoint), while the width equals the duration of the trip. The pattern equates to the area visited on the trip, as per Fig. 1.
Vertical dashed lines indicate the quarters of the fishing season.

natural risks are higher, and vice versa) (Table 2,
Fig. 7). These effects were less strong than those
experienced when accumulated profit is not
included as a state variable (Table 2, Fig. 7 compared with Fig. 3).
Endogenous risk has less effect on realized profit
when accumulated profit is included as a state
variable and longer-term risk is considered. With
increasing risk-taking behaviour, there was less
reduction in realized profit relative to the model
that considered only short-term (trip-level) risk
(Fig. 7 compared with Fig. 3). The implication is
that the consideration of longer-term (seasonal)
risk strongly dampens the effect of endogenous
risk. For a given level of endogenous risk, there
was also less reduction in realized profit with
© 2013 John Wiley & Sons Ltd, F I S H and F I S H E R I E S

increasing levels of social and, to lesser extent,
natural risk when accumulated profit was included
as a state variable (Fig. 7).
Sensitivity analysis
Table 4 summarizes the outcomes of sensitivity testing in terms of profit, location choice and perceived
utility, relative to the baseline scenario, for the
longer-term (accumulated profit, seasonal) risk
model. Generally, the longer-term version of the
model was more robust to changes in the assumed
input parameters than the simpler, short-term (triplevel) risk model. In particular, profit and perceived
utility were more robust in this model to the time in
port if damaged, the financial cost of damage, the
cost per unit travel, the natural risk offset parameter
17
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Figure 6 Dynamic programming solutions for baseline scenario for the short-term (trip-level) model (a), and the baseline
scenario (b), scenario 1 (c) and scenario 2 (d) when accumulated profit is included as a state variable (shown for two
values of accumulated profit). These show optimal location (indicated by pattern as per Fig. 1) and optimal number of
hooks to deploy (indicated by relative size of ovals) (latter averaged over every 10 time steps and 10 effort units) for all
combinations of remaining effort and time in the season. Vertical dashed lines indicate the quarters of the fishing season.
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Figure 7 Total profit at season end, relative to the baseline scenario, when accumulated profit is included as a state
variable, from forward projections for all considered combinations of natural and social risk, and four values of
endogenous risk.

and the location of the peak fish density. As with
the short-term risk model, location choice was
affected mainly when the time in port if damaged
was increased, the natural risk offset was strongly
increased, the cost per unit travel was increased or
the fish distribution was changed.
In contrast to the short-term (trip-level) risk
model, the perceived utility at the start of the season (from the backward solutions to the DPE)
showed a consistent decline with the introduction
of, and increase in, social risk, irrespective of
endogenous risk. This pattern did not qualitatively
© 2013 John Wiley & Sons Ltd, F I S H and F I S H E R I E S

change under any of the sensitivity analyses
undertaken. Otherwise, qualitative patterns were
generally consistent with those observed from the
short-term (trip-level) risk model sensitivity analyses.
Discussion
Overview of findings
Previous models of fisher utility maximization
have considered only single forms of risk, such as
19

20

No effect

No effect

4b: sp = 30

No effect

3a: Td = 25

4a: sp = 20

No effect

2b: n = 3

No effect

No effect

2a: n = 2

3b: Td = 40

c = endogenous risk

Scenario

Proﬁt and trips: less trips with
increasing social risk, due to
longer total port time, and
sometimes lower overall proﬁt
Proﬁt and trips: lower proﬁt and
less trips irrespective of level of
social risk, due to longer total
port time

Little effect

Proﬁt and trips: more trips and
higher proﬁts at intermediate
social risk
Proﬁt and trips: more trips and
higher proﬁts at low social risk
Little effect

j(t) = social risk = proﬁt at
which P(ﬁshing next time) = 0.5

Little effect

Location choice: When natural risk
≥ 0.05, switch to ﬁsh areas more
inshore/closer to port, as
opposed to this occurring when
mu1 ≥ 0.07 as per baseline.
Proﬁt not compromised.
Location choice and trips: as per
3a, but with a damage event
occurring at the end of the
season when mu1 = 0.02, 0.07
and 0.1
Little effect

Little effect

Little effect

l1 = natural risk

Proﬁt and location choice from single forward projection; varying one risk parameter only

Proﬁt: for risk-taking
scenarios, higher when
natural risk is high and social
risk low.
Proﬁt: lower for a given level
of social risk. In the absence
of social risk, higher at higher
levels of natural risk.

Little effect

Little effect

Proﬁt: higher at lower social
risk, especially when natural
risk is higher
As per 2a

3D surfaces of 125 risk
combinations: proﬁt from
forward projections

Perceived utility: lower for a given
level of social risk, particularly for
risk-taking scenarios. In the
absence of social risk, higher at
higher levels of natural risk.

Perceived utility: in the absence of
social risk, higher at higher
levels of natural risk.

Little effect

Little effect

As per 2a

Perceived utility: higher for
intermediate values of social risk.

3D surfaces of 125 risk
combinations: perceived utility
from backwards solutions

Table 4 Summary of outcomes of sensitivity testing for the longer-term (seasonal) risk model, in terms of profit and perceived utility, relative to the baseline scenario, observed
from (i) single forward projections varying one risk parameter at a time, summarized using ribbon plots as per Figs 2 and 4; (ii) profit at season end from forward projections,
across the 125 risk combinations, summarized using 3D surface plots; and (iii) perceived utility (at the start of season with maximum effort remaining) from backward solutions,
across the 125 risk combinations, summarized using 3D surface plots. ‘No effect’ equates to no visible discernible difference in the plots from those for the baseline scenario, while
‘little effect’ means that the plots were not visually identical to those for the baseline scenario, but highly similar such that differences in profit, trip frequency and location choice
were minimal.
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No effect

No effect
No effect

Trips: intervals in port
relative to none for
baseline scenario

No effect

No effect
Location choice: trips
inshore/closer to port
relative to location of
peak ﬁsh density.
Proﬁt unaffected.
Trips: fewer, longer
trips with higher proﬁt
per trip. Similar
overall proﬁt.

5a: d = 50 000

5b: d = 100000
6a: l0 = 0.01

6b: l0 = 0.1

7a: q = 5

7b: q = 1
7c: q = 20

8a: xmax = 13

c = endogenous risk

Proﬁt and trips: fewer, longer trips
with higher proﬁt per trip. Higher
total proﬁt for any given level of
social risk

As per 7a
Location choice: trips inshore/
closer to port relative to location
of peak ﬁsh density. Proﬁt
unaffected.

Proﬁt and trips: less time in port
and hence higher proﬁt at lower
levels of social risk

Proﬁt and trips: less time in port
and hence higher proﬁt at the
lowest level of social risk

Little effect
Proﬁt and trips: more trips and
higher proﬁt at higher social risk

Little effect

j(t) = social risk = proﬁt at
which P(ﬁshing next time) = 0.5

Location choice and trips: more
damage events. Less propensity
for inshore/closer to port trips at
higher levels of natural risk.
Location choice: greater
propensity for inshore/closer to
port trips at lower levels of
natural risk
Little effect
Location choice and trips: trips
inshore/closer to port relative to
location of peak ﬁsh density.
More time in port for higher
levels of natural risk
Proﬁt, location choice and trips:
fewer, longer trips with higher
proﬁt per trip. Similar overall
proﬁt. Less inshore/closer to port
preference, especially in ﬁrst
quarter of the season.

Location choice: less trips to
optimal location in qtr2 when
mu1 = 0.05
As per 5a
Little effect

l1 = natural risk

Proﬁt and location choice from single forward projection; varying one risk parameter only

Scenario

Table 4 Continued.

Proﬁt: higher overall; less
decrease with the
introduction of, or increase
in, social risk

Little effect
Proﬁt: higher at higher natural
risk levels in the absence of
social risk.

Little effect

Little effect
Proﬁt: slightly higher when
social risk is high for risktaking scenarios
Proﬁt: higher when natural risk
is high for risk-averse or riskneutral scenarios.

Little effect

3D surfaces of 125 risk
combinations: proﬁt from
forward projections

Perceived utility: higher overall;
less decline with increasing
social risk

No effect
Perceived utility: higher at higher
natural risk levels in the absence
of social risk

Little effect

Little effect

Little effect
Little effect

Little effect

3D surfaces of 125 risk
combinations: perceived utility
from backwards solutions
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c = endogenous risk

Proﬁt and trips: more,
shorter trips with less
proﬁt per trip. Less
overall proﬁt.

Location choice: all
trips inshore/closer to
port than location of
optimal ﬁsh density.
Overall proﬁt and inport duration
unaffected.

8b: xmax = 4

9a: Centroid distn = NE
Proﬁt, location choice and trips: all
trips inshore/closer to port than
location of optimal ﬁsh density.
Less port time and higher overall
proﬁt.

Proﬁt and trips: more, shorter trips
with less proﬁt per trip. Less
overall proﬁt due to greater total
time in port, especially at higher
levels of social risk.

j(t) = social risk = proﬁt at
which P(ﬁshing next time) = 0.5

Proﬁt, location choice and trips:
more, shorter trips with less proﬁt
per trip. Less overall proﬁt.
Stronger inshore/closer to port
preference at lower levels of
natural risk.
Location choice: all trips inshore/
closer to port than location of
optimal ﬁsh density. Proﬁt
unaffected.

l1 = natural risk

Proﬁt and location choice from single forward projection; varying one risk parameter only

Scenario

Table 4 Continued.

Little effect

Proﬁt: lower overall; stronger
decrease with the
introduction of social risk

3D surfaces of 125 risk
combinations: proﬁt from
forward projections

Little effect

Perceived utility: sharper decline
with increasing social risk; lower
when social risk >0

3D surfaces of 125 risk
combinations: perceived utility
from backwards solutions
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the probability of fishing trips ending early due to
natural risk events (Gillis et al. 1995; Babcock and
Pikitch 2000), although ecological models more
generally have incorporated multiple forms of
short-term risk (e.g. starvation and predation risk)
(Mangel and Clark 1988) or both long- and shortterm risks (Mangel and Munch 2003). It is commonly understood that fishers inherently integrate
various forms of risk in making decisions of location choice and effort expended per trip. By modelling natural, social and endogenous risk (albeit
specifically parameterized), and including accumulated profit as a state variable in a dynamic-state
variable model, we have been able to evaluate the
relative sensitivity of fisher decisions, in terms of
perceived utility, profit and location choice, to
alternative forms of risk.
When considering short-term (trip-level) risk
only, endogenous risk and social risk had the
strongest effect on perceived utility and profit.
There were strong two-way interactions for each
form of risk on realized profit, the directions of
which followed intuitively. Natural risk was the
only form of risk to impact location choice. While
this is direct result of the manner in which natural
risk was defined, we reiterate that other factors
that may contribute to natural risk such as exposure, bottom type or currents are typically location
specific and that our model provides a platform for
the incorporation of alternative forms of natural
risk. For the range of input parameter values considered in the sensitivity analysis, most sensitivity
was shown in the perceived utility from the backward solutions. Endogenous and social risks in
combination were the most sensitive to assumed
inputs, implying that the nature and extent of sensitivity depends on the combination of risk factors
examined. Model outcomes were most sensitive to
parameters pertaining to social risk and were least
sensitive to those pertaining to natural risk. Location choice was affected only in terms of fishers
relocating inshore relative to areas of peak fish
density. Alternative forms of natural risk could be
expected to cause relocation to areas where this
risk is lesser.
The incorporation of longer-term (seasonal) risk
in the form of accumulated profit as a state variable mainly served to dampen the effects of the
short-term (trip-level) risk parameters, particularly
that of endogenous risk, and to increase relative
profit. There was less variability in the DPE
solutions across the different combinations of
© 2013 John Wiley & Sons Ltd, F I S H and F I S H E R I E S

short-term risk parameters, and profit and perceived utility were generally more robust to the
assumed input parameter values.
The results, specifically the direction of the
change in profit or perceived utility in response to
risk, the nature of the risk interactions and the
sensitivity to inputs pertaining to social risk, given
the significance of the latter, were generally consistent with intuition. However, the model enables
these expectations to be quantified. The perceived
utility in the short-term (trip-level) risk model
yielded some counterintuitive results, such as risktaking scenarios showing lower perceived utility in
the absence of social risk. This may highlight limitations in the modelled description of fisher behaviour; however, it should also be noted that the
backward solution diagnostic is perceived utility at
the start of the season with all effort quota
remaining. Patterns in the resulting profit from
the forward projections did follow intuitive expectation for given risk combinations.
Particularly in terms of the extent to which they
are consistent with intuition, the results confirm
the importance of risk sensitivity when predicting
the behaviour of fishing vessels. All forms of risk
considered, both independently and in combination, had a marked impact on realized profit, trip
timing and, to a lesser extent, location choice. We
therefore argue that a more comprehensive
description of utility is obtained via the simultaneous incorporation of various forms of risk, and
suggest that modelling a single measure of risk in
isolation may not adequately describe fisher decision processes and the manifestations thereof.
Broader relevance
Our theoretical investigation has thus highlighted
the importance of risk sensitivity in the prediction
of fishing vessel behaviour. Our models suggest
that it is important to attempt to account, to the
extent possible, for all forms of risk encountered
by fishers when making decisions of location
choice and effort allocation, in modelling specific
fisheries and/or attempting to predict the effects of
management strategies on fleet behaviour. Of special importance is an understanding of endogenous and social risk at the trip level and of how
these are affected by longer-term risk. Additionally, the sensitivity analyses demonstrate that it is
important to quantify, as accurately as possible,
those input parameters that describe the fishery,
23

Risk sensitivity and vessel behaviour N A Dowling et al

particularly those pertaining to social risk, and the
consequences of risk realization.
We have here considered a fishery model of location choice and effort allocation. However, risk also
influences other key fleet dynamics decisions, specifically those pertaining to compliance (e.g. Brick
et al. 2012), investment and entry/exit. While less
commonly modelled than location choice (van Putten et al. 2012), it is nonetheless likely that risk
influences these decisions to at least the same extent
as it does location choice. Risk of prosecution in the
case of compliance and social risk in the form of
whether the fishery is deemed worthy of investment, or whether returns are such that participants
decide to exit the fishery, are immediately apparent
as being of importance in these contexts.
Practical application
We have herein demonstrated a means for the
quantitative incorporation of risk in a dynamicstate variable model context. If this is to be of use
in a practical context, it is important that the
model may be readily operational for specific fisheries. This means that risk must be able to be
quantified consistent with the model formulation.
Model parameters pertaining to social and natural risk should be relatively simple to obtain providing that adequate information exists pertaining
to economics at a vessel level. In the absence of
formal records, skipper and/or owner interviews
should be able to provide insight as to the cost of
attracting crew and outfitting the vessel per trip,
and the tolerance around this cost in terms of the
probability of being able to undertake a new trip
given the profit obtained from the previous trip
(i.e. parameter n). It should also be relatively simple to gain an understanding of the penalties
imposed by the realization of social and natural
risk, in terms of the amount of time spent in port
and the cost of repairing the vessel. Location-specific probability of damage (natural risk realization) should also be readily obtainable from
historical information and/or interviews.
Quantifying endogenous risk may be more difficult. Risk preference is an inherent characteristic,
and even if fishers are able to objectively classify
themselves as risk taking, neutral or averse, they
are unlikely to be able to define this numerically
and relative to others. Many studies have found
heterogeneity in risk preferences among fishers
(e.g. Dupont 1993; Mistiaen and Strand 2000;
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Eggert and Martinsson 2004; Eggert and Tveteras
2004; Eggert and Lokina 2007). The sensitivity of
profit to endogenous risk, as demonstrated here,
underlines the importance of obtaining individual
fisher risk profiles in models of fisher behaviour
and will ultimately allow us to determine a distribution of values of c for which to solve the model.
One way in which endogenous risk may be
defined is through the use of simple, spreadsheetbased games that define endogenous risk numerically by requiring players to make choices trading
off, for example, natural risk, cost and gross profit
(J.J. Poos and N.A. Dowling, in prep). Eggert and
Martinsson (2004) elicited the risk preferences of
Swedish commercial fishers using a stated preference technique (choice experiment) wherein participants chose between pairs of fishing trips with
variable minimum, maximum and mean income
levels. While undoubtedly intensive in terms of the
required extent of fisher cooperation and interaction, the relative importance of endogenous risk
here illustrated warrants its adequate definition.
The relative importance of endogenous risk also
highlights the importance of resolving the question
of whether fisher utility is better described using
prospect theory as opposed to expected utility theory (Holland 2008; Nguyen and Leung 2009,
2010; Brick et al. 2012). Prospect theory enables
risk preferences to change for an individual and/or
within a fishing season, according to the potential
for loss, the magnitude of potential losses and
gains and the wealth already accumulated. Having
demonstrated the sensitivity of profit to risk preference, Holland’s (2008) statement, ‘if our goal is to
understand and predict fishing behaviour and
design more effective fishery management tools, it
is critical to understand how fishermen actually
make decisions, not how economic theory suggests
they should make them’, carries extra emphasis.
Our model framework may provide a useful
basis for refining risk definitions as an iterative
process. Having incorporated the information
gained from the fishery and run the model, the
results may be shared with fishers for comment. If
fishers feel the results are not reflective of the true
state of the fishery, then the definitions of the risk
parameters may be negotiated (Hilborn and Walters 1992).
A specific fishery model may necessarily become
more complex than that illustrated here. The various forms of risk will almost certainly vary
between vessels (individuals), requiring that a
© 2013 John Wiley & Sons Ltd, F I S H and F I S H E R I E S
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fishery-specific model may require numerous vessel
‘types’ to capture all the risk profiles, if not the
modelling of individual vessels. Such a model is
almost certain to become computationally
demanding, and as such, efforts should be made to
group risk profiles into broad categories.
Limitations of approach
The modelled fishery may be considered to have
low ‘contrast’, in that fish were distributed in a
continuous manner across the modelled region
and that natural risk was a continuous function of
distance from port. Additionally, the baseline
model showed that the fleet was readily able to
access the most profitable areas of peak fish density across the entire season. The impact of natural risk is likely to have been stronger had there
been greater contrast in natural risk between
areas and/or a greater impact in response to natural risk being realized (such as the loss of the vessel for the remainder of the season). Similarly,
profits may have been more greatly compromised
in response to risk had the baseline model been
parameterized such that fishers’ ability to exploit
the most profitable areas was compromised.
The forms of risk considered are almost certainly
an oversimplification of reality, as is all science or
operational analysis. For example, it is likely that
a greater emphasis would be placed on the perception of natural risk with increasing accumulated
profit. That is, as accumulated profit increases,
fishers presumably would be less willing to trade
off risk for potential higher profits and would so
move towards more risk-averse behaviour. As we
noted, prospect theory may better describe endogenous risk in this context and work is underway in
this direction. Additionally, for both natural and
social risks, the cost of damage or of profit being
too low to facilitate fishing will almost certainly
depend on the severity of the damage or the level
of profit, such that a constant cost is an oversimplification.
Results were sensitive to the specification and
inputs pertaining to social risk, showing that it is
important to study it further. We have included
social risk as we feel its influence on trip-level
decision-making should be acknowledged, but the
sensitivity of the results underlines the importance
of obtaining a more defensible definition of this
form of risk and its associated parameters. While
model outcomes are always going to be specific to
© 2013 John Wiley & Sons Ltd, F I S H and F I S H E R I E S

the form and parameterization of risk, the sensitivity to social risk is a concern given the lack of
accuracy in its specification.
The dynamic-state variable model was formulated assuming that fishers have perfect information of relative fish availability, an assumption
that depends on the predictability of fish distribution and the level of information sharing among
the fleet. This assumption is advantageous in minimizing a source of confounding error in interpreting risk sensitivity and can be modified in future
to include probability distributions of the centre of
the stock, to account for the large pelagic species
targeted in the fishery being highly migratory and
opportunistic feeders (Campbell 2007), responding
to oceanographic features that are interannually
variable, meaning that their seasonal availability
is difficult to predict. Finally, there is no intervessel
competition, and price is fixed as opposed to being
updated as a dynamic game (cf. Dowling et al.
2012).
Conclusion
The study of fisher behaviour and fleet dynamics
is a critical element of fisheries science (Hilborn
1985), yet the challenge to incorporate the key
factors affecting decision-making and develop an
appropriate representation of utility is significant.
Here, we have theoretically investigated the effect
of risk sensitivity in order to understand its impact
on fisher location choice, perceived utility and
profit. Various forms of short- and longer-term
(trip-level and seasonal) risk were considered
simultaneously.
Endogenous, social and natural risks (as specified herein) were all shown to influence modelled
profit, perceived utility and location choice. There
were also strong two-way interactions between
the three forms of short-term (trip-level) risk.
Incorporating longer-term risk via the consideration of accumulated profit dampened the impact
of shorter-term risk. Both forms of model were
qualitatively reasonably robust to changes in
assumed inputs; the greatest sensitivity was associated with those input parameters pertaining to
social risk.
While improving the validity of the utility function, our model is nonetheless a simplified description of risk. However, by provision of a utility
function incorporating multiple forms of risk in
capturing the fisher decision-making process, this
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evaluation has illustrated the importance of risk
sensitivity and provided a platform for the simultaneous consideration of different forms of risk.
Moreover, it may help focus questions of how data
obtained directly, or from surveys, interviews or
games, may be used to help quantify fisher risk
and incorporate these in models of fisher dynamics.
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