
Risk management tools for sustainable fisheries management
under changing climate: a sea cucumber example

Éva E. Plagányi & Timothy D. Skewes &
Natalie A. Dowling & Malcolm Haddon

Received: 22 January 2012 /Accepted: 17 September 2012 /Published online: 16 October 2012
# Springer Science+Business Media Dordrecht 2012

Abstract Sustainable fisheries management into the future will require both understanding
of and adaptation to climate change. A risk management approach is appropriate due to
uncertainty in climate projections and the responses of target species. Management strategy
evaluation (MSE) can underpin and support effective risk management. Climate change
impacts are likely to differ by species and spatially. We use a spatial MSE applied to a multi-
species data-poor sea cucumber/béche-de-mer fishery to demonstrate the utility of MSE to
test the performance of alternative harvest strategies in meeting fishery objectives; this
includes the ability to manage through climate variability and change, and meeting man-
agement objectives pertaining to resource status and fishery economic performance. The
impacts of fishing relative to the impacts of climate change are distinguished by comparing
future projection distributions relative to equivalent no-fishing no-climate-change trials. The
8 modelled species exhibit different responses to environmental variability and have differ-
ent economic value. Status quo management would result in half the species falling below
target levels, moderate risks of overall and local depletion, and significant changes in species
composition. The three simple strategies with no monitoring (spatial rotation, closed areas,
multi-species composition) were all successful in reducing these risks, but with fairly
substantial decreases in the average profit. Higher profits (for the same risk levels) could
only be achieved with strategies that included monitoring and hence adaptive management.
Spatial management approaches based on adaptive feedback performed best overall.
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1 Introduction

Climate change is likely to have a significant impact on both target and non-target marine
populations worldwide, with the concomitant need for management strategies capable of
sustaining fishing into the future. There is a need to bridge the gap between short-term
individual stock forecasts and longer term assessments of community production and
resilience (Steele and Gifford 2010). A wide range of methods, ranging from single-
species assessment models to ecosystem models, are currently under development to model
the effects of climate change on fish and fisheries (Hollowed et al. 2011; Plagányi et al.
2011a, b). Improvements in understanding the functional relationships between climate
variability and fish production are increasingly enabling their explicit incorporation in
fisheries models (Hollowed et al. 2009; Holt and Punt 2009; Ianelli et al. 2011).

Uncertainty pervades all aspects of fisheries management, with a paucity of data and
understanding similarly hindering moves to ecosystem-based fisheries management as well
as incorporation of climate impacts. This has motivated the adoption of risk-based assess-
ment methods such as ecological risk assessment (Hobday et al. 2011) and Management
Strategy Evaluation (MSE) (Smith et al. 2007). Several risk assessment approaches have
been developed to identify, analyse and evaluate the ecological effects of fishing under
changing climate and to prioritize management responses (Fletcher 2005; Chin et al. 2010;
Hobday et al. 2011). MSE frameworks (also known as an operational management proce-
dure) are key examples of formal risk assessment methods, given their focus on the
identification and modelling of uncertainties as well as in balancing different representations
of resource dynamics (Sainsbury et al. 2000). Briefly however, it involves modelling each
step of the formal adaptive-management approach (Walters 1986) and evaluating the
consequences of a range of management strategies, especially in the face of uncer-
tainty. This includes consideration of the implications, for both the resource and its
stakeholders, of alternative combinations of monitoring data, analytical procedures,
and decision rules. By identifying and evaluating tradeoffs in performance across a
range of management objectives, it provides advice on the performance of different
management measures and whether they are robust to inherent uncertainties in all
inputs and assumptions used (Cooke 1999).

The simulation-testing frameworks used in MSE consist of operating models that simu-
late alternative plausible scenarios for the “true” dynamics of the resource. They are also
used to generate simulated fisheries data that are used when fitting assessment models. The
outputs from these assessment models are used by decision or control rules to determine
what management actions are taken. In turn, these management actions are implemented
inside the operating models with error or filtered by the industry’s social and economic
drivers. The active feedback, which is a part of MSE testing, can simulate how well the
different management strategies can detect and control changes in fishery production or
profitability (Plagányi et al. 2011b). For example, MSE has been used to evaluate the
performance of fishery management control rules for walleye Pollock (Theragra chalcog-
ramma) under climate change and the assumption of temperature-induced changes in
recruitment pattern (A’mar et al. 2009; Ianelli et al. 2011).

In this paper we provide an example of the use of MSE to assess both the effects of
projected climate change impacts and the relative performance of alternative harvest strat-
egies in adapting to those changes and meeting management objectives pertaining to
resource status and fishery economic performance. Our MSE risk management framework
simultaneously accounts for uncertainty in biological understanding as well as projected
climate change impacts.
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The case study used is the Australian Torres Strait (Fig. 1) bêche-de-mer (sea cucumber)
fishery. Though it has a small Gross Value of Production ($321,000 in 2005), it is an
important source of income for local Islander communities, especially in east Torres Strait.
Historically, the fishery has been characterised by boom and bust cycles as the result of
resource depletion and/or price fluctuations (Wilson et al. 2010). The open access rights for
all Torres Strait Islanders and the artisanal nature of fishing makes regulatory control very
difficult (Wilson et al. 2010). The underlying Operating Model (OM) (Plagányi et al. 2011c)
is both spatial (27 reefs) and multi-species (8 bêche–de-mer species) to enable assessment of
the performance of different management strategies from a spatial and multi-species per-
spective. Furthermore, there are substantial differences in the value of the different species
and hence we compare the overall profit arising from alternative fishing strategies.

2 Methods

2.1 The Torres Strait Sea cucumber fishery

The Torres Strait bêche-de-mer fishery began in the late 1800s up until about 1939, and
restarted in about 1990. Sandfish (Holothuria scabra) on Warrior Reef (Fig. 1) provided the
bulk of the early catches in the fishery, which peaked at over 1200 t (wet gutted weight) in
1995. A survey in 1998 (Skewes et al. 1998) found that the population was severely depleted
and the sandfish fishery was closed. Subsequent surveys found a small recovery in the

Fig. 1 Spatial zones for the Torres Strait sea cucumber MSE analysis. There are 27 spatial subzones that are
explicitly differentiated in the operating model, with these in turn grouped into 8 zones as shown

Climatic Change (2013) 119:181–197 183



population, especially of the breeding cohort, but it is still considered heavily depleted
(Murphy et al. 2011).

After the closure of sandfish in 1998, the fishery mostly targeted black teatfish (H.
whitmaei), deepwater redfish (Actinopyga echinites), surf redfish (A. mauritiana), blackfish
(mostly A. miliaris) and white teatfish (Holothuria fuscogilva). However, a survey in March
2002 found that black teatfish and surf redfish were probably overexploited (Skewes et al.
2003), and a prohibition on the harvest of these species was introduced in January 2003. A
survey in 2009 found that the density of black teatfish had recovered to near natural
(unfished) densities (Skewes et al. 2010) and it was recommended that this species be
reopened to fishing but with a modest TAC of 25 t and community-based harvest strategies
to manage the spatial effort of this species (Skewes et al. 2010).

2.2 Climate change in the Torres Straits

We used existing reviews and analyses of climate change in Torres Strait to summarise the
related changes to several environmental variables: sea surface temperature, sea level rise,
changes to current systems, storms and cyclones, rainfall, and ocean acidification; two
critical habitats: seagrass and coral reefs; and an important survival parameter for larval
holothurians: phytoplankton productivity (Online Resource 1). The projections were con-
sidered only to 2030 as this has higher management relevance than longer term projections,
for which there would be increasing uncertainty. Projections of global warming were
considered only for the mid-high range greenhouse gas emissions scenario, A1B (IPCC
2007)—in any case there is little deviation by 2030 among different emission scenarios.

2.3 Assessing and classifying risks

The potential impacts of the projected changes to physical variables and critical habitats were
assessed for a range of life history variables (growth, mortality, movement and distribution and
reproduction) separately for three sea cucumber life history stages (larvae, juvenile and adult) in
Torres Strait. Each potential impact was described and quantified to the fullest extent possible
using information from literature reviews, unpublished experimental studies and expert con-
sultation, based on the approach of Norman-Lόpez et al. (2012). Considerable uncertainty exists
for most combinations of physical and biological variables. We took the view, in this case, of
using all available information to outline likely potential impacts for use in our model.

Following the Australian national risk assessment approach, risk rankings for potential
impacts on sea cucumber biological variables from climate-change-related changes in environ-
mental variables were formulated from the likelihood of the climate-related change occurring
and the consequences, or severity of impact, of such changes to sea cucumber biology (Table 1).
Likelihood scores of the physical variable changing were assigned based on confidence ratings
by experts in the field (Poloczanska et al. 2009); where >70 % likelihood was considered as
high, <30 % low and in between these values medium (Table 1). The relative consequence of
the potential impacts was a subjective assessment based on expert opinion—generally impacts
that resulted in greater than a 5% change in a biological property were considered as a high
consequence, and greater than 2 % as a medium consequence. Less than 2 % was
considered as low consequence. The ratings criteria used were arbitrary, but acknowl-
edged that relatively small changes in biological rates could potentially have a large
effect on overall population productivity (Norman-Lόpez et al. 2012).
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Risk for potential impacts for all combinations of climate change variable and life history
parameter were then formulated (see Online Resource 1, Table 2). Interactions betweenmultiple
impacts (e.g. temperature and acidification on mortality) were considered by taking an iterative
approachtoformulatingpotential impacts:allpotential impactswereassessed inacyclical fashion
several times and potential interactions between themwere accounted for in the final assessment.

2.4 MSE simulations

We used a modified form of the spatial MSE developed by Plagányi et al. (2011c) for 8 béche-
de-mer species inhabiting 27 reef groupings (hereafter called subzones) in the Torres Straits.
The model was conditioned over the historic period 1995–2010 using all available survey data
(Skewes et al. 2010). A Reference Set (see Rademeyer et al. 2007) of alternative model
parameterisations was used to collectively capture some of the key biological uncertainties
(e.g. alternative natural mortality estimates and steepness of the stock-recruitment relationship),
as well as uncertainty as to the likelihood (using high risk scenarios only versus assuming both
high and medium risk scenarios occur) and consequence (accounting for a doubling of the
severity of each postulated effect) of climate-change effects. By using a Reference Set (rather
than a single base-case operating model) (see Rademeyer et al. 2007) we were able to integrate
across this range of biological and climate-impact uncertainties. Finally we tested a range of
alternative harvest strategies to evaluate their performance under changing climate.

2.5 Spatial Operating Model (OM)

The OM used is that developed by Plagányi et al. (2011c) for the Torres Strait region, with a
full description of the spatial age-structured population model described therein. The model
includes 8 bêche-de-mer species, with populations distributed across 27 subzones, in turn
grouped into 8 zones (Fig. 1) (see Online Resource 2). Species modelled are sandfish, black
teatfish, surf redfish, white teatfish, deepwater redfish, hairy blackfish (Actinopyga miliaris),
prickly redfish (Thelenota ananas), and leopardfish (Bohadschia argus).

The time period covered in the model was 1995 to 2010, with a 20 year future projection
time period. Selected key equations are reproduced below.

The resource dynamics are modelled by the following set of population dynamics equations:

Ns;yþ1;0;r ¼ ρs;r � RZ
s;yþ1 a ¼ 0 ð1Þ

Ns;yþ1;aþ1;r ¼ Ns;y;a;r e
�3Ms=4 � Cs;y;a;r

� �
e�Ms=4 1 � a � m� 1 ð2Þ

Table 1 Risk matrix for assigning risk categories to impacts based on likelihood and consequence of the
impact

Risk Consequence

L M H

Likelihood L,<30 % L L M

M, 30–70 % L M H

H, >70 % M H H
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Ns;yþ1;m;r ¼ Ns;y;m�1;r e
�3Ms=4 þ Ns;y;m;re

�3Ms=4 � Cs;y;m�1;r � Cs;y;m;r

� �
e�Ms=4 ð3Þ

where:

Nsyar is the number of holothurians of species s at the start of year y (which refers to a
calendar year), at age a in subzone r;

RZ
sy is the total recruitment (number of 0-year-old holothurians) in zone Z of species s at

the start of year y;
ρs,r is the proportion of the total recruitment of species s that settles in subzone r;
Ms denotes the (age-independent) natural mortality rate of species s; fishing was

approximated as a pulse at the end of the 3rd quarter to simplify the computations
and because this corresponds to the peak observed in monthly catch statistics;

Csyar is the predicted number of holothurians of species s, in year y, of age a, caught in
subzone r; and,

m is themaximumageconsidered (taken tobeaplus-groupandsetequal to5 forall species).

The number of recruits of species s at the start of year y is assumed to be related to the
spawning stock size (i.e. the biomass of mature holothurians) by a modified Beverton-Holt
stock-recruitment relationship (Haddon 2011). The spawning biomass is summed over all
subzones r located within zone Z, and the predicted recruitment is then assigned to each
subzone r as per Equation (1) and after allowing for annual fluctuations about the deter-
ministic relationship, with such fluctuations varying by species but not spatially:

RZ
sy ¼

X
r

asBsp
syr

bs þ Bsp
syrð Þ

" #
e ςsy� σsRð Þ2 2=ð Þ ð4Þ

where:

αs,
βs

are spawning biomass-recruitment relationship parameters for species s (re-para-
meterised in terms of the pre-exploitation equilibrium spawning biomass Ksp

s for
each species s (and for the entire model area), and the “steepness”, hs, of the stock-
recruitment relationship—see Haddon 2011);

ζsy reflects variation about the expected recruitment for species s in year y, and is
assumed to be normally distributed with a mean of zero and standard deviation σsR
(which is input, based on the historic level of variability deduced from survey data).
The –(σsR)

2/2 is a log-normal bias correction term;
Bsp
syr is the spawning biomass for species s, in year y, in subzone r, computed as:

Bsp
s;y;r ¼

Xm
a¼1

fs;aw
strt
s;a Ns;y;a;r ð5Þ

except for black teatfish, which spawns in the Austral winter and hence is modified as follows:

Bsp
s;y;r ¼

Xm
a¼1

fs;aw
mid
s;a Ns;y;a;re

�Ms=2 ð6Þ

where:

wstrt
sa is the begin-year mass of a holothurian of species s, age a, and strt is start-of-year;

wmid
sa is the mid-year mass of species s, age a, and mid is the middle of the year; and

fsa is the proportion of holothurians of species s and of age a that are mature.
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2.6 Reference set of OMs

Two key uncertainties in modelling resource status and productivity were: a) the natural
mortality Ms of each species, and b) the steepness parameter hs of the stock-recruitment
functions. A Reference Set (RS) of operating models was thus constructed to include a
sufficiently representative range of potential estimates of these parameters. In addition, to
account for c) uncertainty as to the risks of posited climate-change effects, both high risk
only and high-plus-medium risk combined scenarios were included in the RS. The fourth
key uncertainty included in the RS was d) the consequence of the predicted impact of
climate change on population variables, with an alternative scenario d) assuming a doubling
of the impacts.

The RS cases were thus as follows:

M. Natural mortality:

M1: The average mortality estimates for each species were used, together with the
growth parameters (length-weight-age relationships; Online Resource 2);

M2: The lower bound of the mortality estimates were used for each species, and
because this is also a slow growth scenario, were combined with slow growth
assumptions for the two teatfish species for which slow growth has been proposed
as likely (Skewes et al. 2003; Uthicke et al. 2004).

H. Steepness parameter:

H1: h is fixed at 0.7 (Myers et al. 1995);
H2: h is fixed at a more conservative value of 0.5;

R. Risks:

R1: High risks only included;
R2: High plus medium risks included.

I. Impact:

I1: The predicted impacts on biological parameters as shown in Online Resource 1;
I2: All impacts (positive and negative) doubled.

2.7 Hand collectibles location choice model

Location choice within the hand collectibles fishery is modelled as a simple function
describing utility by zone (see Online Resource 2). Weightings are placed on “habituation”,
wh, profitability, wp, proximity of each zone to communities, wr, and habitat area within each
zone, wa. The TAC or effort is then distributed in accordance with the relative utility of each
zone.

2.8 Harvest strategy testing

The RS was projected 20-year forwards under a range of future fishing scenarios and
management strategies (Table 3), which are hypothetical and have been selected to illustrate
the range. The first scenario assumed that future catches continue roughly in the same
manner as current (i.e. zero adaptation to climate change). The second set of six scenarios
explore future strategies that are not reliant on monitoring, and are used to test the efficacy of
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some data-limited strategies under changing climate. The final set of five scenarios include a
range of alternatives that would be possible with monitoring and spatial management (i.e.
adaptive feedback in response to climate change):

A. Current catch (average of past 5 years, wh01), plus small catch for species with current
zero TAC

B. No monitoring or adaptation:

B1. Double all catches (although unlikely, this is included to provide a contrast, as
well as test a scenario in which there is increased pressure on some species due
to declines in other resources)

B2. Profit maximisation (wp 01 to simulate future fisher location choice governed
by profit considerations, with constant overall TAC)

Table 3 Summary of the performance of A) status quo management and selected harvest strategies based on
B) no monitoring and C) with monitoring, in terms of the risk metrics (shown as percentages) summarized
across all species. The first three columns represent the percentage of species (from a total of eight) that are
depleted below a specified level, the local depletion percentage is based on all individual runs that fell below
Blim at any stage during the projection period, and the last column ignores any costs of monitoring and
adaptive management

Harvest strategy Risk of
suboptimal
management

Risk of depletion
below Blim

of 20 %
unfished

Risk of
depletion
below 30 %
unfished

Risk of
local
depletion

Average
annual profit
(US$ million)

A. Current catch
(status quo)

50 12.5 38 12 5.31

B. No monitoring:

B1. Double catches 75 25 75 23 10.6

B2. Profit maximization 50 12.5 50 12 5.31

B3. Location choice based
on area and distance

50 12.5 62.5 16 5.31

B4. Spatial rotation (3 year) 25 12.5 0 5 3.35

B5. Closed areas/sensitive
species (Warrior, sandfish)

12.5 12.5 12.5 9 2.72

B6. Multi-species
catch composition

12.5 12.5 37.5 6 3.08

C. Adaptive feedback/
monitoring:

C1. Broken stick 37.5 12.5 37.5 9 3.65

C2. Broken stick with
spatial management

12.5 12.5 12.5 0.8 5.31

C3. Spatial closure
(Single species in Zone)
(30%K trigger)

37.5 12.5 25 8 5.11

C4. Spatial closure
(Entire Zone)
(30%K trigger)

12.5 12.5 12.5 5 3.19

C5. Spatial closure
(Entire Zone)
(20%K trigger)

12.5 12.5 12.5 7 4.09
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B3. Location choice based on habitat area and distance from community (wr, wa0
0.5 to simulate future fisher location choice governed by habitat area and travel
distance, with constant overall TAC)

B4. Spatial rotation (3-year spatial rotation strategy alternating between zones)
B5. Spatial closure (as no detailed data are assumed to become available to inform

the choice of closure, this option tests an example that stops all fishing on
sandfish, a sensitive species, and closes Warrior Reef, a known sensitive area)

B6. Multi-species catch composition (this option assumes that even without de-
tailed monitoring, fishers will have some notion of changes in the overall
species composition (simulated as the proportional abundance estimated with
an error term added) and hence the TAC will be modified upwards (20 %) or
temporary species-specific spatial closures implemented if the relative abun-
dance of a species is thought to have changed by more than 20 % i.e. this is
sampled with error in the model)

C. Adaptive feedback/monitoring:

C1. Broken stick based on overall species-specific depletion (i.e. based on future
monitoring (simulated with an error term corresponding to a survey sampling CV
of 25%), if the overall abundance of a species drops below a trigger reference point
(Btrig) of 30%K, the fishing mortality for that species is reduced proportionately,
and set to zero for depletion levels below the limit reference point (Blim) of 20%K.
Broken stick control rules imply constant rates until some trigger biomass threshold
followed by linear declines in fishingmortality down to a limit threshold after which
no fishing occurs. Thus the control rule resembles a bent or broken stick)

C2. Broken stick with spatial adaptive management (i.e. if the local abundance (at the
finer reef scale) of a species drops belowBtrig, the fishingmortality for that species in
that zone is reduced proportionately, and set to zero for depletion levels below Blim).

C3. Spatial closure whereby fishing is prohibited (spatially) on a species in a zone
where it is estimated to be depleted below a more conservative limit reference
point of 30%K, based on monitoring.

C4. Spatial closure (Entire Zone) whereby (for practical reasons), an entire spatial
zone is closed if any of the eight species is estimated to be depleted to 30 % or
less of K, based on monitoring.

C5. Spatial closures (Entire Zone) (as above but with 20 % trigger depletion level)

2.9 Performance Statistics

The following performance statistics were computed for each harvest strategy (HS) tested
over a 20-year projection period:

1. Bsp
2030=B

sp
1995 , the expected spawning biomass at the end of the projection period, relative

to the starting (1995) level (used as a proxy for K, the unfished biomass), for each
species averaged across the entire area and separately for each zone.

2. Bsp
2030=B

sp
2030 (no fishing, no climate change), the expected spawning biomass at the end

of the projection period, relative to the comparable simulation no-fishing trial with no
climate-change effects, for each species averaged across entire area. The same set of
random numbers was used to generate sets of 480 no-fishing projections for each
species and zone, as a baseline for comparisons with the range of projections with
fishing and climate change.
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3. Risk of falling below limit biomass level of 20 % unfished biomass during the
projection period for each species across all simulations and replicates, and for all
spatial areas combined as well as for individual zones.

4. Average catch: 1
20

P
Cy , over 2011 to 2030 (for each zone as well as the entire area,

and for four groups of species: very high (sandfish), high (black teatfish and white
teatfish), medium (surf redfish, prickly redfish, deepwater redfish and hairy blackfish)
and low value (leopardfish).

5. Species composition computed as the relative abundance (in 2030) of each species
compared with the species composition from a no-fishing no-climate-change scenario.
This takes into account the sometimes large historic catches (Plagányi et al. 2011c) as
well as allowing for a 20-year recovery period.

2.9.1 Summary risk metrics

To allow easier visualisation and cross-comparison of results, the following summary risk
statistics were defined and computed for each HS (Table 3):

1. Risk of sub-optimal management: the percentage of species for which the median 2030
spawning biomass level was less than Btarg (0.48 K)

2. Risk of depletion below Blim: percentage of species for which the lower 90 % confi-
dence limit of the 2030 RS projections was less than Blim

3. Risk of depletion below 30 % unfished: as above, but a more conservative risk measure
4. Risk of local depletion: percentage of all individual runs that fell below Blim at any

stage during the projection period
5. Average annual profit (US$ million) computed as the landed weight of each species

multiplied by current average market prices. This does not account for costs of moni-
toring and adaptive management.

3 Results

3.1 Climate change and its impacts

Growth in all life history stages (larval, juvenile and adults) was assessed as being at high
risk related mostly to a likely increase in sea temperatures (Tables 1 and 2). This effect was
assessed as being mostly positive for production and yields given the expected faster growth
leading to larger sizes and increased fecundity. Medium risks contained both positive and
negative effects. Positive effects were associated with an increase in larval growth due to
projected increases in primary production (Brown et al. 2010), and faster adult growth and
bigger sea cucumbers resulting in an increase in adult reproduction. Negative effects were
associated with increased larval and juvenile mortality related to higher sea surface temper-
atures and detrimental effects on the juvenile sandfish seagrass habitats.

3.2 Reference set of operating models

The posited climate change impacts resulted in both negative and positive effects, and when
these were modelled as affecting the various life history variables in combination, the net
effect was slightly more negative for most species. The largest differences between the 16
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OMs in the reference set resulted from the more severe climate impact cases, with the more
severe impact case (I2) leading to more negative spawning biomass trajectories (Fig. 2, see
also Online Resource 3). Sensitivity varied across species and spatial areas—for example,
some of the largest differences were evident for the redfish species. The next largest effect
overall was due to whether the high risks only (R1) or high-plus-medium risk (R2) case was
used, with the latter typically more negative. However for the shallow-water specialist
species (black teatfish, sandfish, surf redfish) for which sea-level rise is predicted to increase
habitat availability, there was less of a difference between the high-risk and high-plus-
medium risk cases, and projections were more sensitive to the mortality and growth
assumptions. The mortality and growth scenario M1 produced slightly more positive
population trajectories than the low mortality and slow growth scenario M2 (Fig. 2).
Recruitment variability is naturally high (sigma00.5) and this largely swamped variability
due to changing the steepness of the stock-recruit curve (H1 and H2). There were some
differences between species, for example, those Leopardfish cases with a combination of
high mortality rates and low steepness resulted in negative spawning biomass trajectories.
As expected, teatfish population trajectories were more negative under the high mortality
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Fig. 2 Reference Set model spawning biomass (t) projections for two species in each of the zones in which
the species occurs, under no-fishing scenarios but with climate change effects. The alternative model versions
differ in terms of choice of natural mortality (M), the steepness parameter hs of the stock-recruitment functions
(H), whether both high risk only and high-plus-medium risk combined climate change scenarios are used (R)
and the consequence of the predicted impact of climate change on population variables (I). Full results for all
species are provided in Online Resource 3
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and slow growth cases (Fig. 2). Median spawning biomass trajectories are shown in Online
Resource 3.

3.3 Harvest strategy testing

None of the populations in any of the spatial zones decreased below Blim when the
RS was projected 20-year forwards under the assumption of zero future fishing.
However, if future patterns of catches were similar to current (in terms of total
TACs, spatial distribution of fishing effort and choice of species), there were substan-
tial declines predicted in some species and local crashes of populations (Fig. 2, Online
Resource 3). Similar results were obtained when assuming future fishing location
choices were based on drivers such as profit maximisation and distance from com-
munities, without adaptively modifying harvest strategies to account for climate
change. The probability envelopes encompassing the range of biological and climate
uncertainties in the projections were fairly broad, but it was nonetheless possible to
discriminate between alternative harvest strategies.

Our simulation testing suggested that the following harvest strategies would perform
better under changing climate:

HS1: In data-limited situations with no future monitoring assumed, spatial rotation
harvest strategies, such as those based on a 3-year rotation (Table 3), substantially
reduced the risk to the resource under changing climate, and simultaneously
resulted in moderately high overall profits being achieved.

HS2. In data-rich scenarios, with regular updates of resource status possible based on
surveys (with assumed error added), a broken stick control rule was shown to
substantially reduce the risk to the resource under changing climate, and simul-
taneously resulted in high overall profits being achieved. Spatial closures based
on monitoring information were also successful in reducing the risks of overall as
well as localised resource depletion.

Sandfish and leopardfish (respectively very high and low value species) are predicted to
increase in relative abundance under a fishing and changing climate scenario (Fig. 3). The
largest decrease in relative abundance compared with a reference species composition was
predicted for black teatfish, a high value species.

4 Discussion

4.1 Risk assessment

Climate-change related changes in environmental variables such as temperature (Table 2)
were predicted to have a positive effect on the growth of bêche-de-mer, with this counter-
acted by negative effects due to increased larval and juvenile mortality, as well as declines in
seagrass habitats necessary for sandfish juveniles.

Although there is considerable uncertainty associated with this analysis, the effects
of this uncertainty have been explored in the assessment, which can be updated in the
future as more information becomes available. It is thus a practical first step towards
linking the range of climatic effects over a range of life history components and
critical habitats for fisheries and quantifying the resultant impact on fisheries produc-
tivity (Norman-Lόpez et al. 2012).
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4.2 Risk management

Traditional fisheries management specifies a number of objectives that seek to minimise
risks (usually quantified as a high probability of achieving a favourable outcome) such as a)
the risk of sub-optimal management; b) risk of overall and local depletion; c) risk of
ecosystem effects; and d) risk of a non-viable fishery (profits, catch rates non-profitable).
Climate change poses an additional risk, namely that of not responding appropriately or in a
timely manner to changes in resource and ecosystem productivity, abundance, and distribu-
tion in response to climate change. Uncertainty pervades all aspects of fisheries manage-
ment, from understanding of climate impacts, biology, monitoring, predicting future fisher
behaviour and market changes. Our approach provides a biological complement to climate
ensemble modeling approaches, and accounts for important sources of uncertainty that are
an integral part of effective risk management decision making (Fig. 4).

Use of a Reference Set of models, rather than a single model, enabled collective capturing
of some of the key biological uncertainties (model parameterisation—e.g. natural mortality
estimates and steepness of the stock-recruitment relationship), as well as uncertainty as to the
likelihood (using high risk scenarios only versus assuming both high and medium risk
scenarios occur) and consequence (accounting for a doubling of the severity of each
postulated effect) of climate-change effects. The posited climate effects generally had a
greater impact on model projections than the biological uncertainties (Fig. 2). We did not
incorporate in our analyses uncertainty pertaining to climate modelling, especially as there is
a lack of deviations among the various models until about 2030, but future work could
include alternative emission scenarios or use of multiple climate models, although such
modelling should focus on periods after 2050.
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Our paper provides a demonstration that MSE adheres to the guiding principles,
summarized in the Australian national risk framework (Anon. 2009), that are needed
to underpin and support effective risk management: Creates and protects value (con-
tributes to societal objectives); informs decision making; explicitly addresses uncer-
tainty; is systematic, structured and timely; is based on best available information; is
tailored; considers and takes account of human and cultural factors; is transparent and
inclusive; is dynamic, iterative and responsive to change; and facilitates continual
improvement. The adaptive risk management framework we summarise in Fig. 4 has
broad applicability to many natural resource management problems where it is im-
portant to consider both biological and climate variability and uncertainty in a
balanced way.

4.3 Comparison of harvest strategies

Bêche-de-mer fisheries are difficult to manage globally, and there is some evidence from
observations that management approaches based on reduced quotas, license restrictions,
spatial rotation and adaptive management may lead to some success (Anderson et al. 2011).
In evaluating alternative harvest strategies based on the setting of Total Allowable Catches,
we simultaneously accounted for uncertainty in biological understanding as well as pro-
jected climate change impacts. In addition to more traditional performance measures to
compare strategies (i.e. risk of depletion, overall profit), we demonstrated the utility of a
novel measure based on multi-species composition.

When compared with a reference species composition for the entire Torres Straits area,
sandfish and leopardfish (respectively very high and low value species) were predicted to
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increase in relative abundance under a fishing and changing climate scenario (Fig. 3). The
largest decrease in relative abundance was predicted for black teatfish, stressing that climate
change can impact not only the composition but also the value of a fishery. The multi-species
catch composition harvest strategy performed well in terms of reducing the risk of resource
depletion, without overly reducing profits, and hence merits further exploration as a strategy
for data-poor multi-species fisheries.

Overall our results suggested that status quo management would result in half the species
falling below target levels (suboptimal management occurs 50 % of the time), moderate risks
of overall and local depletion, and significant changes in species composition (Table 3). The
three simple strategies with no monitoring (spatial rotation, closed areas, multi-species
composition) were all successful in reducing these risks, but with fairly substantial decreases
in the associated average annual profit (Table 3). Higher profits (for the same risk levels)
could only be achieved with strategies that included monitoring and hence adaptive man-
agement. Spatial management approaches based on adaptive feedback performed best
overall. Dowling et al. (2008) similarly concluded that harvest control rules that include
triggers and the use of spatial management may be most appropriate for small data-poor
fisheries, and stressed the need for identifying data gathering protocols and simple analyses
for these hard-to-manage fisheries.
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