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Abstract
We review the precautionary approach to fisheries management, propose a frame-

work that will allow a systematic assessment of insufficient precaution and provide

an illustration using an Antarctic fishery. For a single-species fishery, our frame-

work includes five attributes: (1) limit reference points that recognize gaps in our

understanding of the dynamics of the species; (2) accurate measures of population

size; (3) ability to detect population changes quickly enough to arrest unwanted

declines; (4) adequate understanding of ecosystem dynamics to avoid adverse indi-

rect effects; and (5) assessment of the first four elements by a sufficiently impartial

group of scientists. We argue that one or more of these elements frequently fail to

be present in the management of many fisheries. Structural uncertainties, which

characterize almost all fisheries models, call for higher limit points than those com-

monly used. A detailed look into the five elements and associated uncertainties is

presented for the fishery on the Antarctic toothfish in the Ross Sea (FAO/CCAMLR

Area 88.1, 88.2), for which management was recently described as ‘highly precau-

tionary’. In spite of having features that make the Ross Sea fishery ideal for the

application of the precautionary approach, gaps in our knowledge and failure to

acknowledge these gaps mean that current regulation falls short of being suffi-

ciently precautionary. We propose some possible remedies.
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Introduction

Even well-meaning attempts to exploit responsibly

may lead to disastrous consequences’ – Ludwig,

Hilborn and Walters (1993)

The Oxford English Dictionary defines ‘precau-

tion’ as ‘A measure taken in advance to prevent

something dangerous, unpleasant, or inconvenient

from happening’. Many have argued for a ‘precau-

tionary approach’ to a variety of policy questions

in fields ranging from approval of pharmaceuticals

to exploitation of natural resources. The need for

precaution arises in these fields because the out-

come of the policy decision in question is uncer-

tain, and some of the potential outcomes are very

undesirable. Of particular concern are outcomes

that threaten the future attainability of an optimal

outcome (O’Riordan and Cameron 1995). In most

cases involving human exploitation of natural

resources, precaution entails limiting exploitation

to prevent reaching excessively low levels of the

resource. Dayton (1998) proposed that demon-

strating lack of endangerment to biological sys-

tems be a prerequisite for approving fisheries

regulations.

The widespread call for precautionary

approaches coexists with disagreement over the

exact measures that constitute such an approach,

and about how much precaution is optimal. Differ-

ences of opinion on the meaning of a ‘precaution-

ary approach’ have characterized most fields

where it has been applied. This is likely the case

because setting an optimal level of precaution

requires agreement on how to weigh several very

different goals, about which there are often legiti-

mate differences in opinion. However, some claims

that a precautionary approach is being followed

are questionable. Some precautionary features are

present in almost every scenario where the term

has been suggested, but this should not allow the

general designation to be used when other neces-

sary features are missing.

The two main sources of uncertainty in deter-

mining the optimal level of precaution are the

extent of foregone benefits (short-term profits,

reduced disease burden, etc.), and both the costs

and the relative probabilities of potential negative

outcomes (long-term profits, increased scientific

knowledge, etc.) under different policies. Foregone

benefits are usually better known than costs.

Much of the debate over precaution stems from

the fact that the probabilities of the highly nega-

tive outcomes under various policy options are so

poorly understood that quantitative calculation of

the probability of various outcomes is impossible.

In such cases, as pointed out by Richards and

Maguire (1998, p. 1547), ‘Under the precaution-

ary approach, very conservative management

measures are required when there is little scientific

basis for advice’.

The need for more conservative measures can

be assessed by examining a standard set of ques-

tions that apply to any context in which a

dynamic system is being altered by a human activ-

ity; that activity has some direct benefits, but also

contains significant risks of changing the system

in an undesirable way. Climate change is a well-

known example (Weitzman 2009; Millner et al.

2013). In all such cases, the goal of avoiding

highly undesirable outcomes requires: (1) limiting

the intensity of human activities potentially caus-

ing negative effects, with limits based on knowl-

edge of system dynamics and the associated

uncertainties (here, the activity is greenhouse gas

emissions); (2) an ability to assess the current

state of the system (values of greenhouse gas con-

centrations and their rates of change) and uncer-

tainties in those assessments; (3) a plan for and
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an ability to alter the human activity (global emis-

sions) rapidly enough to achieve item (1); (4)

avoidance of adverse consequences to natural sys-

tems and species as the result of the changes (in-

cluding both the emission rates and the measures

taken to reduce them); (5) periodic review and

assessment of the first four elements by scientists,

at least a significant number of whom have not

been directly involved in designing or approving

the past policies governing the activity in question.

The first four elements are necessary to achieve

the goal of preserving the system under considera-

tion. The fifth element specifies the source of evi-

dence used to determine whether the first four

elements are being satisfied by an ongoing activity.

The major impediment to instituting precautionary

approaches to climate change is element (3); the

difficulty lies in getting most contributing entities

(e.g. nations) to adopt effective plans, rather than

in an inability to specify such a plan. There is

some disagreement on how to deal with the uncer-

tainties that affect element (1); see Weitzman

(2009) and Millner et al. (2013). Element (5) has

been carried out by the UN Intergovernmental

Panel on Climate Change.

The preceding framework can also be applied to

assessing putatively precautionary approaches in

natural resource exploitation; here, we consider

fisheries management. In this case, the negative

outcomes to be avoided are collapse of the fished

populations or adverse changes in other compo-

nents of their ecosystems as a result of harvesting.

The precautionary approach has been interpreted

as meaning that ‘. . .the absence of adequate scien-

tific information can no longer be a reason for

postponing or failing to take conservation mea-

sures’ (Richards and Maguire 1998, p;. 1545).

The approach has already influenced fisheries reg-

ulations at a national level (e.g. the Magnuson-

Stevens Conservation and Management Act in the

USA: Restrepo 1999; Rosenberg et al. 2006) and

international levels (e.g. the 1995 UN Agreement

on Straddling and Highly Migratory Stocks; dis-

cussed in Longhurst 2010). In all of these cases,

restraints on exploitation were deemed necessary

to achieve sustainability of exploitation and to pre-

vent undesirable changes in the ecosystem. Such

restraints are made necessary by the exceptional

ability of humans to over-exploit other species

(Darimont et al. 2015). The fact that a large num-

ber of stocks still do not satisfy the population tar-

gets specified under existing policies that are

labelled as precautionary (Neubauer et al. 2013)

means that insufficient precaution has frequently

not been recognized as such.

The remainder of this article begins with an

interpretation of the above five elements of a pre-

cautionary approach in the context of fisheries.

We argue that there are major uncertainties asso-

ciated with the first four elements, and the fifth is

frequently not satisfied. The last half of the article

is a more detailed examination of the apparent

failure to implement these five elements in a fish-

ery that would appear to be ideally suited to a pre-

cautionary approach; the regulation of this fishery

was recently proclaimed to actually have such an

approach by ten fishery scientists (Hanchet et al.

2015a). This is the fishery for the Antarctic tooth-

fish (Dissostichus mawsoni, Nototheniidae) in the

Ross Sea. We end with some suggestions on how

to increase precaution in both this fishery and in

fisheries management more generally.

Five requirements for a precautionary
approach in a fishery

Previous discussion of a precautionary approach

in fisheries include: Lauck et al. (1998), Hutchings

(2000), Mace (2001), Hilborn et al. (2001),

Rosenberg (2002), Ludwig (2002), Hsieh et al.

(2006), Clark (2010) and Longhurst (2010)

among many others. Here, we concentrate on a

framework that will allow a systematic assessment

of insufficient precaution. This is best illustrated by

a more detailed description of the preceding list of

five elements of a precautionary approach as it

pertains to a fishery that exploits a single species.

Element (1) specifies that there should be a tar-

get population size and/or a corresponding maxi-

mum fishery-caused mortality rate of the

harvested species. These have been termed biologi-

cal reference points; they are based on at least

some ability to predict future dynamics and are

ideally set at levels that do not greatly increase

the probability of stock collapse. Defining ‘collapse’

itself requires some understanding of the adverse

effects of low population sizes. This first element

also requires a realistic recognition of uncertainty

in such predictions of future population states, and

upwards adjustment of the target in the light of

the uncertainties. If size-selective harvesting

occurs, sets of permissible size-specific harvest rates

may have to be determined. Element (2) means

that the population must be quantified frequently
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and censuses must be reasonably accurate and

unbiased, with acknowledgement of potential

biases and uncertainties. Element (3) implies that

reductions in fishing can be rapidly imposed and

have the potential to restore the population size to

above the limit point if the current census indi-

cates that it has fallen or is about to fall below

that level. Element (4) means that the predicted

range of population size vs. time trajectories under

the policy should not cause undesirable changes

in other species or ecosystem properties. Finally,

element (5) means that scientists involved in gath-

ering ecological data and making population pro-

jections should be independent of entities or

decision-makers who benefit from continuation (or

discontinuation) of past policies; ideally, their work

should be evaluated by other scientists who have

not been involved in developing those policies.

Each of these five elements has received some

attention from fishery scientists, and one or more

has been shown to be involved in many previous

failures of precautionary fishing.

(1) Target population size and its relationship to

uncertainty

Precaution seeks to avoid collapse or extinction of

fish populations; this preserves the stock for sus-

tainable exploitation or other future uses. As

Lande et al. (1997, p. 1341) point out, ‘Thresholds

[population sizes below which harvest is prohib-

ited] are a necessary feature of any harvesting

strategy with the objective of minimizing risks of

resource depletion or extinction, while optimizing

yields’. The target abundance should be high

enough to avoid local extinction or a prolonged

period of low density (collapse). The most common

upper limits of population size associated with col-

lapse range from 20% down to 10% of the stock’s

‘original’ biomass (Hutchings and Reynolds 2004;

Reynolds et al. 2005). However, even 10% has

been argued to be a safe level for some species

(Hilborn 2002). Nevertheless, environmental vari-

ability implies that, over the long term, probabili-

ties of extinction or collapse of a population are

considerably higher at 10–20% than at 50% of

original abundance (Lande et al. 1997; see Dulvy

et al. 2003 for a discussion of marine extinctions).

‘Original’ biomass is most often considered to be

biomass when first measured, which is generally

less than what prevailed prior to human exploita-

tion (Hutchings and Reynolds 2004); in most

cases we don’t know how much less. ‘Original’

can also refer to biomass in the unfished state,

which can be considered to be the current carry-

ing capacity of the population. The threshold for

cessation of harvesting must be significantly above

the value chosen to define depletion or collapse

(see VanderZwaag et al. 2012; box 1, figure 2).

Because environments are variable, system

dynamics are poorly known, perfect control of

exploitation rate is usually not possible, and popu-

lations are difficult to census, preventing unaccept-

ably low population sizes requires setting the

target population at a considerably higher level

than would otherwise be the case. There is no

fishery for which current knowledge allows an

exact calculation of probabilities of ‘collapse’

within different time frames, given any particular

harvest policy (or no harvest at all). This has led

to various proposals for minimum population

sizes.

Nevertheless, there is currently some degree of

consensus on a rough definition of the target den-

sity. Following the 1996 Magnuson-Stevens Act in

the US and the 2002 UN Summit on Sustainable

Development, an adult biomass that produces

maximum sustainable yield (MSY) has become the

target adult population size for many systems

(Neubauer et al. 2013; see also Froese and Proelss

2010, 2012, 2013; Agnew et al. 2013). The MSY

population by definition has the greatest expected

population growth rate, which seems to suggest

that rapid recovery should occur from that size.

There are at least three major problems with this

logic. The first is that the MSY population size is

seldom if ever a known quantity, and it is one that

is likely to shift over time because of both environ-

mental (e.g. Clark et al. 2003; MacCall et al.

2012) and fishery-induced evolutionary change

(e.g. Belgrano and Fowler 2013; Laugen et al.

2014; Dunlop et al. 2015). The second is that

MSY does not measure the sensitivity of the popu-

lation to additional mortality; in a variety of sim-

ple food web models, MSY can occur at a per

capita fishery mortality rate (F) very close to that

which, if maintained, would guarantee extinction

(Abrams 2009a,b,c; Abrams et al. 2012). As a

consequence, as Mace (2001) and others have

noted, BMSY (or the corresponding fishing mortal-

ity rate FMSY) is often not sufficiently precaution-

ary. The third issue is that populations above BMSY

are generally preferable both in economic terms

and for avoiding collapse (e.g. Beddington et al.
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2007). These three problems are explained in

greater detail below.

How well do we know MSY? The MSY abun-

dance is determined by density-dependent feed-

backs to population growth of a focal species, due

to both intraspecific interactions and changes in

the abundances of other species at both higher

and lower trophic levels. The feedbacks via food

web changes can take considerable time to occur

(Yodzis 1988) and have not been studied for the

vast majority of harvested species. The current

guesses about MSY abundance are usually based

upon temporal correlations of stock size and subse-

quent recruitment into the breeding population. In

most cases where the data exist, there is no statis-

tically significant increasing relationship. Szuwal-

ski et al. (2015) found no relationship for 61% of

the 224 stocks in the revised Myers et al. (1999)

database updated by Ricard et al. (2012). Ludwig

(1998) had earlier made the same point. This lack

of relationship does not imply a high ability to

rebound from very low population sizes, both

because of the frequent lack of data at low stock

sizes and the near universal absence of data on

the abundances of interacting species affecting the

growth of a particular stock.

Hilborn (2010) and others have argued that

these data support a Beverton-Holt (B-H) model

for the stock–recruitment relationship (SRR) with

a steepness parameter (h) on the order of 0.7 for

an average species. Both the preference for the B-

H model and the high h value follow from the lack

of a clear relationship; such a model is good at fit-

ting a horizontal line when data from low values

of the variable are scarce. Szuwalski et al. (2015)

conclude that other environmental and commu-

nity ecological variables are likely to have larger

effects on recruitment than its spawning stock size.

The actual shape of the relationship is likely to be

determined by the recent abundances of a variety

of other species; for example, food organisms and

predators of larval, juvenile and subadult fish.

Other work supporting this conclusion is discussed

under point (4) below. In stocks with short life

spans and a long recorded history of exploitation,

surplus production models can be used to estimate

MSY based on catch and effort data, but there are

also uncertainties associated with this approach.

There appears to be no theory showing if or

when the combination of intraspecific and com-

munity feedback processes actually produce a MSY

abundance that is close to what would be obtained

by fitting a B-H model to the stock–recruitment

measurements obtained in a stochastic environ-

ment. SRR models in general are not adequate for

representing the types of interactions that are

likely to occur between different juvenile size-

classes in the context of species with very high

ages of maturation. In most cases, B-H relation-

ships are only chosen in preference to one or two

other forms. Yeakel and Mangel (2015) show that

the B-H relationship represents a very special case

within a much broader gradient of plausible SRRs.

Consumer-resource models only lead to something

approximating a B-H relationship for the con-

sumer species in rather special circumstances

(Abrams 2009a,b,c); these models also frequently

predict MSY population sizes relatively close to the

unfished size. MacCall (2002) noted that large

predators were expected to have MSY at >50% of

baseline in food webs where they have smaller

competitors.

The assumption that a B-H SRR can be used

to model population growth is particularly prob-

lematic when populations actually experience

reduced per capita growth at low densities. A

variety of mechanisms can produce such Allee

effects (depensation), including difficulty of finding

mates, a breakdown of mating behaviours, shifts

in size-structure and shifts in community compo-

sition at low densities (Walters and Kitchell

2001; Abrams 2011; DeRoos and Persson 2013).

Recent work has shown that a number of heavily

exploited fish exhibit such Allee effects, a finding

that is strictly incompatible with the B-H model

(Hutchings 2014, 2015). Other meta-analyses

have suggested that Allee effects are uncommon

(Hilborn et al. 2014). However, if most Allee

effects are brought about by community ecologi-

cal shifts, they may only be observed when the

low density is maintained for a long enough time

for these shifts to occur; this may account for the

correlation of time at low density and limited

recovery noted by Neubauer et al. (2013). It is

also likely that immigration from non- or less-

exploited populations of a particular species

obscures the presence of Allee effects in heavily

exploited populations of some species. Hutchings

(2015) notes that scarcity of conclusive empirical

demonstrations of Allee effects may be due to the

paucity of time-series data with low population

sizes. He argues that an impaired-recovery

threshold population of 10% of the maximum

population is prudent.
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Assuming density dependence based on a B-H

stock–recruitment relationship is decidedly non-

precautionary, in that it produces relatively low

MSY populations relative to many other potential

relationships or models, that is ≤50% of unhar-

vested biomass. The 50% upper limit is strictly

true for a continuous form of the B-H model lack-

ing population structure (Mangel et al. 2013; eq.

(4)) and appears to be true of the age-structured

stochastic models with B-H SRRs that were

explored by Hilborn (2010).

Thus, we generally don’t know (even approxi-

mately) the MSY size for most species, although

MSY population sizes ≤50% may be more common

than >50%; Hilborn (2010) argues this is true for

exploited fish species, and it may also be true of

many other animal taxa (Sibly et al. 2005). Some

models of population growth predict MSY densities

below one-half of the equilibrium abundance of

the unharvested population. This is true of the

Pella and Tomlinson (1969) model for a density-

dependent exponent <1. It is also true for con-

sumer species in wide range of consumer-resource

systems having resources that do not reproduce

themselves (Abrams 2009a,b,c). However, both

Pella-Tomlinson models with larger exponents and

a wide range of food web models predict MSY pop-

ulation sizes is greater than half the unfished equi-

librium. Both Sibly et al.’s (2005) general analysis

of empirical studies of density dependence and

Thorson et al.’s (2012, their fig. 2) analysis of

exploited fish stocks find that a sizable minority of

fish species have MSY populations above one-half

carrying capacity. Unfortunately, for any ran-

domly chosen harvested species we lack the data

that would provide a reliable estimate of its MSY

size, much less how it would change with evolu-

tion or altered environmental variables.

The second issue with MSY-based targets is that

maintaining a population close to its MSY abun-

dance can create a large risk of collapse when

FMSY is large enough that the sum of per capita

natural and fishing mortalities is close to the max-

imum per capita reproductive rate. This is actually

true for a wide range of parameter values for the

predator species in simple predator–prey models

having standard functional components (Abrams

2009a,b,c). How large a fishing mortality is too

large is again difficult to determine. A high FMSY,

particularly one that is at least comparable to nat-

ural mortality, means that stock size could drop

rapidly if the environment changed in a manner

that significantly reduced the per capita recruit-

ment rate or increased natural mortality (e.g.

MacCall et al. 2012). Walters and Martell (2002)

argue against a variety of simple formulas for

maximum fishing mortality and suggest that fish-

ing mortality should be much less than natural

mortality for most stocks. A later meta-analysis

(Zhou et al. 2012) suggested that FMSY is close to

natural mortality (M) for many teleost species, but

on average <M/2 for chondrichthyans, with a

mean of approximately M/3 for Carcharhini-

formes. As noted elsewhere, estimates of both M

and FMSY are associated with major uncertainties.

Because natural mortality is temporally variable, a

high value of F that is safe under average condi-

tions may cause a collapse during a time period

with unusually high natural mortality. In general,

more variable populations require higher mean

target densities or lower maximal catch rates

(Lande et al. 1995, 1997; Roughgarden and Smith

1996).

The third issue mentioned above was that popu-

lation sizes greater than MSY are usually prefer-

able in economic terms. This is not a new

observation (e.g. Beddington et al. 2007; Grafton

et al. 2007), and it can arise because the higher

abundance allows a given catch to be achieved

with lower cost. Moreover, given an allowable

catch that is set higher than it should be, popula-

tions above MSY decline at a decreasing rate over

time, while those at or below MSY will decline at

an accelerating rate. This makes sizes above MSY

more resilient. Even if sustainable profits are

reduced for population sizes above MSY, the reduc-

tion will be relatively small for a wide range of

population sizes. Thus, Hilborn (2010), who sug-

gested that MSY population size is frequently close

to 30% of original biomass, also concluded that

50% of original biomass usually lies within the

range of population sizes producing high enough

(‘pretty good’) yields and was generally preferable

to 30%.

All of the above has ignored the impact of fish-

ery-induced evolution on both the MSY population

size and the resistance of the stock to future

changes in natural mortality. It is known that

such evolutionary effects occur and that they

should often affect the density-dependent processes

that determine MSY (Kuparinen et al. 2014). Nev-

ertheless, we are currently unable to make quanti-

tative predictions on their time course in the vast

majority of stocks (Jorgensen et al. 2007; Engen
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et al. 2014; Dunlop et al. 2015). Because such

evolutionary responses typically involve reduced

body size at maturity, they are likely to affect the

MSY fishing intensity when targets are expressed

in terms of biomass. There is evidence that higher

mortality magnifies population variability in some

exploited fish species (Hsieh et al. 2006), which

again would argue for lower MSY mortality rates

than those predicted by models lacking environ-

mental fluctuations.

Given our limited knowledge of the dynamics

and effective form of density dependence of most

exploited fish species, a precautionary assumption

for a species lacking adequate stock–recruitment

data would seem to be a target equilibrium above

1/2 of the original abundance/biomass (B0).

Values above B0/2 are especially important for

long-lived species and/or species with low maxi-

mum reproductive rates, which are known to be

particularly susceptible to collapse under harvest-

ing (Reynolds et al. 2005; Neubauer et al. 2013).

Roughgarden and Smith (1996) provided some

general arguments for setting target densities for

all fish at 75% of original levels. On the other

hand, when there is a history of persistence in the

face of exploitation at populations much lower

than original biomass (e.g. New Zealand rock lob-

ster Jasus edwardsi (Palinuridae) and snapper

Pagrus auratus (Sparidae); Hilborn 2002), target

densities lower than B0/2 may be appropriate.

However, even such cases should take into

account the decreased ability to rebound observed

in stocks that have been reduced for many years

(Neubauer et al. 2013).

(2) Accuracy of population estimates

Marine fish are difficult to census (Hilborn 2002).

Mark–recapture methods avoid some of the worst

problems of catch per unit effort (CPUE) methods

(Hutchings and Myers 1994), but potential errors

are introduced by many factors, including inability

to determine the effects of capture and tagging on

both behaviour and mortality, as well as lack of

information on the behavioural heterogeneity of

the stock and the movement patterns of individu-

als. When the tag-recovery rate is low, random

errors can produce misleading estimates over short

time spans. In most cases we do not know enough

to estimate confidence intervals on the population

estimates. The presence of natural selection

against behaviours that lead to capture is likely to

alter the meaning of tag-recovery rates over time

in ways that are poorly understood. Scientific sur-

veys that are independent of the fishing industry

can provide better population estimates, but they

are often expensive and difficult to design. This

means that considerable uncertainty in the cur-

rent state of the population is usually unavoidable,

again arguing for conservative management.

(3) Ability to detect and respond to population

declines

Populations do not change only because of fishing,

and unexpected declines may occur because of

poor recruitment conditions or raised natural mor-

tality, particularly if these conditions persist over

several years. A decline in the survival of early

stages of a species having a long pre-adult period

will not be noticed unless these stages are cen-

sused on a regular basis, and there will be a corre-

sponding time lag in the resulting recruitment of

adults. Depending on the length of the pre-adult

period, the system may be committed to a number

of years of decline in adults for a long period after

the recruitment problem first becomes evident.

Safina et al. (2005) attribute the recovery of

Atlantic black sea bass (Centropristis striata, Ser-

ranidae), scup (Stenotomus chrysops, Sparidae), sea

scallops (Placopecten magellanicus, Pectinidae), yel-

lowtail flounder (Limanda ferruginea, Pleuronecti-

dae) and king mackerel (Scomberomorus cavalla,

Scombridae) to the rapid reduction in harvesting

following evidence of low abundance. Rapid reduc-

tion of harvesting in turn requires timely knowl-

edge that abundance has decreased or will

decrease. It is also important that the adjustment

of fishing effort based on current stock size not

lead to instability in the dynamics of the exploited

stock or produce extinction of other species that

interact with the exploited one. Matsuda and

Abrams (2013) discuss both of these possibilities.

(4) Lack of negative ecosystem effects

Mace (2001), Hilborn (2010), Constable et al.

(2000) and many others mention ecosystem-level

effects as a reason to set target densities for single

species above their MSY stock size. This is based

largely on the greater level of uncertainty that

characterizes ecosystem-level effects. By definition

such effects depend on knowledge of the popula-

tion dynamics of many species as well as physical

1158 © 2016 John Wiley & Sons Ltd, F I SH and F I SHERIES , 17, 1152–1174

Precaution and the Antarctic toothfish P A Abrams et al.



and chemical variables. Even when the non-living

variables are ignored, the resulting community

ecology models have included a sufficiently high

level of uncertainty that at least one prominent

British ecologist has recommended abandoning

efforts to describe population changes in a com-

munity context (Lawton 1999). Sainsbury et al.

(2000, p.731) state what is by now obvious: ‘Pre-

dicting the results of any management action is

very uncertain because the dynamics of ecosys-

tems are complex and poorly understood’.

These uncertainties have not inhibited calls for

ecosystem models in fisheries, and the widespread

use of a particular computer program to describe

the dynamics of many systems (Ecopath with Eco-

sim (EwE); Christensen and Walters 2004). More

recent years have seen the development of other

programs designed for marine ecosystems (e.g.

‘Atlantis’, discussed in Fulton et al. 2011). Never-

theless, all of these modelling frameworks are

mainly useful in revealing possibilities rather than

making predictions (as admitted by Fulton et al.

2011). EwE did not fare well in one of the few

comparisons of modelling frameworks for a partic-

ular system (Koen-Alonzo and Yodzis 2005).

Plag�anyi and Butterworth (2004) and Abrams

(2014) discuss other limitations of EwE, and

Plag�anyi et al. (2014) argue instead for using a

variety of models of intermediate complexity to

determine the range of potential effects at an

ecosystem level. Because there is limited knowl-

edge of how to model trophic linkages in simple

food web models (Abrams 2010), predictive results

for large ecosystem models will necessarily have

higher uncertainties. At the same time, empirical

evidence has shown ecosystem-level effects of mor-

tality on particular species in some large marine

systems (e.g. Daskalov et al. 2007), so ignoring

the possibility of such effects is not a realistic

option. Analyses incorporating interspecific inter-

actions have provided greater insight than single-

species models in the few cases where multispecies

data have been available (e.g. Hjermann et al.

2007). For most systems, such data are not avail-

able, and it is necessary to adopt relatively high

target abundances to have a high probability of

avoiding undesirable ecosystem changes.

(5) Independence of science from policy making

Conflicts of interest and intellectual biases are

likely to inhibit some researchers from

acknowledging uncertainties and questioning

results that are consistent with continued exploita-

tion. Hutchings et al.’s (1997) analysis of govern-

ment scientists’ roles in the policies that are likely

to have caused the cod collapse was mentioned

above. Scientists need not have connections with

industry to lack impartiality. The high fraction of

stocks reduced by 80% or more (Hutchings and

Reynolds 2004) argues that there has been a gen-

eral tendency by fisheries regulators and many

fishery scientists to overestimate the ability of fish

populations to withstand intense harvest over long

time periods.

Any area of science with unsettled theory and

limited empirical work is likely to lead to different

opinions being held by different investigators.

Uncertainties are almost always underestimated by

practitioners in a field, as is confirmed by a vast lit-

erature in economics (see Quiggin 2010). Underes-

timates of the level of uncertainty by definition lead

to less than appropriate precaution. Independent of

uncertainty, it is difficult for scientists to avoid

favouring policies they have been involved in

designing or approving. Similarly, strong previous

positions against current policy will often lead to a

bias against evidence that supports that policy. In

such situations, it becomes important that propo-

nents of opposing viewpoints have opportunities to

respond directly to the arguments of the other side.

MacCall et al. (2012), in a discussion of precaution-

ary management, attribute success in managing

Pacific sardine (Sardinops sajax, Clupeidae) in the

California Current to intensive peer review. Broad

engagement by all stakeholders, including unaffili-

ated scientists, is among the hallmarks of the best

managed fisheries (Longhurst 2010).

Can any system have adequate precaution?

Under ideal circumstances, we would understand

population and ecosystem dynamics well enough

to justify a probability distribution of population

trajectories under alternative harvesting policies.

This could then be combined with quantitative

measures of costs and benefits of each trajectory

(Clark 2010). A policy involving targets and

restorative actions when those targets are missed

could then be negotiated between interested par-

ties. This ideal is unlikely to be realized for many

fisheries systems in the near future due to the high

level of structural uncertainty in dynamical mod-

els of aquatic ecosystems (Schnute and Richards
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2001). At a minimum, this requires consideration

of multiple alternative models (e.g. Harwood and

Stokes 2003; Hill et al. 2007). The currently popu-

lar ideas of ‘management strategy evaluation’ and

‘management procedure’ (Punt 2006) seek to

achieve such an approach, but there is little agree-

ment on how to deal with structural uncertainty

in these frameworks, other than considering a

number of alternative models (see Stewart and

Martell (2015) for some recent ideas on interpret-

ing analyses with an ensemble of models). The

precautionary approach always implies that, given

equal estimated probabilities of occurrence of two

outcomes having equal magnitude but opposite

deviations from the ideal, the negative deviation

(associated with smaller population size or unde-

sirable ecosystem shift) should be weighted more

heavily. The same applies to the predictions of

alternative models. However, given a profound

lack of knowledge of system dynamics, deciding on

exact weightings involves more than purely scien-

tific considerations. Whatever procedure is used to

weight outcomes or models, underestimation of

uncertainties will lead to an overly high maximum

harvest rate.

None of the above should be taken as an argu-

ment against all fisheries. Previous experience

with recovery from low population size is one of

the most reliable indications of the safety of subse-

quent reduction of the population. In many cases,

a long history of fishing and fisheries research pro-

vides evidence of sustainability over at least the

medium term. In other cases, the benefits to the

human community may outweigh some increase

in the risks of stock depletion or ecosystem effects.

Loss of such benefits should be regarded as one of

the potential negative effects of reducing harvests

(Hilborn et al. 2001). However, it is obvious that

whatever benefits accrue to humans will end if the

stock declines sufficiently. Thus, in discussing pre-

caution, Hilborn et al. (2001, p. 100), endorse an

earlier UN FAO statement, ‘. . .where the likely

impact of resource use is uncertain, priority should

be given to conserving the productive capacity of

the resource’. Clark (2010) and Grafton et al.

(2008) have expressed similar sentiments.

The regulation of the Ross Sea toothfish
fishery: ideal precautionary management?

Our case-study for assessing precautionary man-

agement involves the fishery for Antarctic

toothfish (Dissostichus mawsoni, Nototheniidae;

hereafter AnT) in the Ross Sea region of the

Southern Ocean. This species has been the subject

of an ‘exploratory’ fishery that began in 1996–
1997 in FAO Areas 88.1 and 88.2 (for maps see

figs 1, 2 in Hanchet et al. 2015b) and is managed

under the Convention for the Conservation of

Antarctic Marine Living Resources (CCAMLR).

CCAMLR uses the classification ‘exploratory’ for

fisheries lacking data that are normally used in

developing a management strategy; this contrasts

with ‘established’ fisheries (CCAMLR Conservation

Measure 21–02; www.ccamlr.org/sites/drupal.

ccamlr.org/files//21-02_29.pdf, 12 October 2015).

The fish is generally marketed as ‘Chilean Sea

Bass’, a term originally developed for its congener,

D. eleginoides. Most of the analysis and modelling

used in managing the AnT fishery is based on

Area 88.1, where the majority of fish are caught.

Data on the catch are provided by licensed com-

mercial fishing vessels. The catch in Area 88.1

first exceeded 2000 t in 2004 (i.e. 2004–2005
season, the austral summer); in recent years the

quota has been somewhat greater than 3000 t

and the catch has closely approximated the quota

for the past four years (CCAMLR 2014b). This

annual harvest is assumed to be the production

rate of the fish population at half its original abun-

dance as currently estimated by those managing

the fishery (CCAMLR 2013).

The outlines of CCAMLR’s harvesting strategy

for biological resources were presented in Consta-

ble et al. (2000), and its subsequent development

is documented in CCAMLR (2004, 2011, 2012,

2013, 2014a,b,c). Laudatory reviews include

Croxall and Nicol (2004), Kock (2007), and Con-

stable (2011). In contrast, various aspects of the

Ross Sea toothfish fishery have also been criticized

(Blight et al. 2010; Jacquet et al. 2010; Ainley

et al. 2013; Christian et al. 2013a,b; O’Brien and

Crockett 2013; Abrams 2014; Ainley and Pauly

2014). In response, ten scientists, all of whom

have had some involvement with AnT manage-

ment, recently published a defence of the fishery

and its management as being ‘precautionary’

(Hanchet et al. 2015a). However, we argue that

their defence actually illustrates a lack of precau-

tion.

The fishery for AnT in the Ross Sea region is of

particular relevance to assessing precaution

because it represents a ‘best case’ scenario for

such an approach. Unlike the majority of fisheries,
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the actual catch has been effectively regulated,

and typical problems associated with fleet over-

capacity (Clark 2007) do not arise. Undetected

illegal fishing vessels are thought to be rare (Mor-

mede et al. 2014a); thus, the catch in most years

probably does not exceed that specified in the reg-

ulations, which are updated annually. A Working

Group on Fisheries Stock Assessment (WG-FSA)

provides recommendations to the Scientific Com-

mittee, which in turn advises the CAMLR Commis-

sion, which decides on any changes to fishery

policy. This multilayer process at least theoreti-

cally provides opportunity for critical review of the

initial WG-FSA recommendations. The WG-FSA is

in principle independent of the commercial inter-

ests that carry out the fishing. All of these regula-

tory features should favour precaution.

The societal and economic benefits from the

AnT fishery are relatively small, another factor

that should favour a precautionary approach. The

majority of the AnT catch in most years has been

taken by New Zealand flagged vessels (Ainley and

Pauly 2014), but even for this nation, AnT does

not rank in the top ten fisheries in terms of

income generated or export value. (The tenth-

ranked species’ export value is NZ$31 million of

the total exports of NZ$1.53B in 2014 for all fish-

eries. http://www.seafoodnewzealand.org.nz/our-

industry/key-facts/, 13 December 2015). Unem-

ployment costs from a reduced fishery would be

exceptionally small in a case like AnT, which

involves only 15–25 vessels (flagged from several

nations) operating over less than 2 months of the

year (CCAMLR 2013, 2014b). In addition, the sta-

tus of the Ross Sea shelf and slope marine ecosys-

tem, not long ago ranked as one of the areas on

the planet least impacted by humans (Halpern

et al. 2008), enhances its scientific value, which is

likely to be diminished by fishing. The Ross Sea

region is the only large area on Earth where sea-

ice extent and season are increasing (Stammer-

john et al. 2012), thus providing the only natural

laboratory remaining to understand the ecological

implications of this trend. By changing the abun-

dance of a major component of the ecosystem,

harvesting AnT will complicate predictions of the

effects of climate change on the system; see the

‘ecosystem effects’ section below. These facts

should be considered in any calculation of net

benefits of the harvest.

A final feature promoting a precautionary

approach for AnT is that key elements of such an

approach are specified by a treaty signed by all

nations legally participating in the fishery. The

treaty also requires strict protection of other spe-

cies that are part of the ecosystem. The outcomes

to be achieved and avoided by any fishery are

described by the CAMLR Convention Article II,

paragraph 3: ‘Any harvesting and associated

activities in the area to which this Convention

applies shall be conducted in accordance with the

provisions of this Convention and with the follow-

ing principles of conservation:

1. Prevention of decrease in the size of any har-

vested population to levels below those which

ensure its stable recruitment. For this purpose

its size should not be allowed to fall below a

level close to that which ensures the greatest

net annual increment;

2. Maintenance of the ecological relationships

between harvested, dependent and related pop-

ulations of Antarctic marine living resources

and the restoration of depleted populations to

the levels defined in subparagraph (1) above;

and

3. Prevention of changes or minimization of the

risk of changes in the marine ecosystem which

are not potentially reversible over two or three

decades, taking into account the state of avail-

able knowledge of the direct and indirect impact

of harvesting, the effect of the introduction of

alien species, the effects of associated activities

on the marine ecosystem and of the effects of

environmental changes, with the aim of making

possible the sustained conservation of Antarctic

marine living resources’. (Text from: http://

www.ccamlr.org/en/organisation/camlr-conven-

tion-text#II, 15 December 2015). The preceding

text is consistent with some recent discussions

of precaution in fisheries in general (Clark

2007, 2010; Longhurst 2010).

The five elements of precaution re-examined
for Antarctic toothfish

This section lays out the case that current harvest

policy for AnT is insufficiently precautionary. The

underlying problem with all of the optimistic

CCAMLR (e.g. 2013, 2014b) predictions of the

effects of AnT harvest on its population size is that

the model on which both population size and

dynamics are based (Mormede et al. 2014a) has

important components (functional forms and

© 2016 John Wiley & Sons Ltd, F I SH and F I SHER IES , 17, 1152–1174 1161

Precaution and the Antarctic toothfish P A Abrams et al.

http://www.seafoodnewzealand.org.nz/our-industry/key-facts/
http://www.seafoodnewzealand.org.nz/our-industry/key-facts/
http://www.ccamlr.org/en/organisation/camlr-convention-text#II
http://www.ccamlr.org/en/organisation/camlr-convention-text#II
http://www.ccamlr.org/en/organisation/camlr-convention-text#II


parameter values) that are either totally unknown,

or can only be estimated with very large error

bounds. These unknowns and errors have been

ignored in making predictions and judging the

uncertainties in those predictions. Ignoring such

structural unknowns is a widespread problem of

model-based predictions in biology (May 2004),

fisheries in general (Schnute and Richards 2001;

Longhurst 2010) and in the specific case of the

AnT (Abrams 2014). May (2004) identifies this

common practice as an ‘abuse of mathematics’. In

considering climate change policies, Weitzman

(2009) pointed out that such structural uncertain-

ties usually require an increase of the probabilities

assigned to extreme outcomes in quantitative

analyses of the consequences of a policy under

consideration. In this case, the extreme outcomes

are low population size and/or adverse effects on

other species.

In the following review of elements (1)–(4), we

pay particular attention to how the defence of the

fishery by Hanchet et al. (2015a) responds to pre-

vious criticism. These responses provide a good

indication of the presence or absence of impartial-

ity in the scientific enterprise responsible for the

current policy (i.e. element (5)).

Is the target population size appropriate?

Hanchet et al. (2015a) trace the current AnT fish-

ery policy to the reinterpretation of the Conven-

tion proposed by Constable et al. (2000). The

latter authors interpret point (1) of Convention

paragraph 3, above, as meaning that the median

(rather than minimum) stock size should be no

lower than 50% of pre-harvest stock size for this

species (and for Patagonian toothfish, D. elegi-

noides), while the minimum need only be greater

than 20% of pre-harvest, and this minimum

should have a <10% chance of occurring. Hanchet

et al. (2015a) and CCAMLR have followed this

reinterpretation, although there has been no pub-

lished discussion of its merit. Other than a refer-

ence to Beddington and Cooke (1983), the basis

for the reinterpretation of Convention point (1) is

not presented in Constable et al. (2000) or in Con-

stable (2011). Beddington and Cooke (1983) was

a theoretical analysis based on an extremely sim-

ple model, whose assumptions have little corre-

spondence to AnT. More recent work by

Beddington et al. (2007, their figure 2) suggests

that the economic costs of reducing populations

below abundances associated with maximum yield

(MSY) are usually greater than those of maintain-

ing the population above MSY levels (see also

Grafton et al. 2007).

The Convention’s ecosystem requirements (2)

and (3) were interpreted by Constable et al.

(2000) as only requiring lower harvesting rates

for species that formed the ultimate source of

energy for higher trophic levels, so that Antarctic

krill (Euphausia superba Euphausiidae) would be

harvested down to 75% rather than 50% of initial

biomass. This approach will be discussed later in

the treatment of element four.

If ecosystem effects could be ruled out, the AnT

target of 50% of initial biomass might be consid-

ered precautionary, provided this was also known

to be at or above MSY and to involve a fishing

mortality that was small relative to natural mor-

tality. Neither of the latter two conditions is

known to be satisfied here, and potential ecosys-

tem effects are even less well understood. The

MSY population size for Ross Sea AnT is

unknown. There is no information on density

dependence generally, or on the relationship

between stock size and recruitment size. The time

span over which any population data for Area

88.1 are available is approximately the length of

the maturation time. The fact that AnT is excep-

tionally long-lived (to ~50) and slow-maturing

(median age ~17 years for females; Hanchet et al.

2015b) argues for a conservative target popula-

tion size. In their review of the status of harvested

stocks, Reynolds et al. (2005, p. 2337) found that,

‘The empirical evidence suggests that large body

size and late maturity are the best predictors of

vulnerability to fishing’.

The MSY population size is determined by den-

sity-dependent feedbacks; as noted above, in fish-

eries these are commonly assumed to be due

solely to the SRR. The population projections

made by CCAMLR have assumed a B-H SRR with

a steepness parameter of h = 0.75 based on aver-

age figures from a subset of the Myers et al.

(1999) database. Given our limited knowledge of

AnT population dynamics, a precautionary

approach cannot ignore the possibilities of a low

steepness (h) within a B-H relationship, a non-B-H

relationship, complete inadequacy of any standard

SRR to represent density dependence (as in the

case of an Allee effect), and/or an MSY SSB above

half the original biomass. Another key parameter

of any population model is the per capita
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reproductive rate at very low densities, which

enters into the SRR. This cannot be measured

directly for AnT because of the absence of studies

of spawning adults or small fish (Hanchet et al.

2008, 2015b; Ashford et al. 2012). If these

become quantifiable in the future, it will take

many years to accumulate an informative time-

series relating the two quantities, given the 17-

year female maturation period and significant

environmental change currently underway in

Area 88 (see below). The low-density reproductive

rate used in the recent reports from the CCAMLR

Fishery Stock Assessment working group

(CCAMLR 2011, 2012, 2013, 2014a,b) and

recent population analyses by associated scientists

(Mormede et al. 2014a,b; Hanchet et al. 2015a,b)

is not presented in any of those documents. This is

a key variable for assessing sustainability of any

fishing pressure.

For the sake of argument, assume that an SRR

describes all density dependence and that it is B-H.

For the species judged to be ecologically similar to

AnT in CCAMLR’s analyses [details given in Dunn

et al. (2006)], 25% of estimated h values are

<0.46. Abrams (2014) pointed out that this lower

range implies quite different dynamics than the

h = 0.75 that CCAMLR assumes for AnT. Hanchet

et al. (2015a, p. 338) dismiss the importance of

the difference between h values of 0.46 and 0.75,

because these two parameters imply per capita

recruitment rates that only differ by ~20% when

the population is at their target abundance. How-

ever, this proportional difference rapidly increases

as population size decreases. Because populations

may have as much as a 10% chance of dropping

to 20% of carrying capacity under the CCAMLR

management scheme, recruitment at this popula-

tion size is also important for precautionary man-

agement. Here, the per capita recruitment is

proportional to h, so per capita recruitment is 39%

lower if h = 0.46 than if h = 0.75. There is no

reason to expect similar SRRs for the unique

Antarctic fish fauna and the largely temperate and

shorter lived species present in the Myers database.

Even accepting the distribution of h values pro-

vided by Myers et al. (1999) for the ‘similar’ taxa

identified by Dunn et al. (2006), there is a 25%

chance that the value of h is actually <0.46,
which would lead to a still lower population

growth rate at 20% of initial biomass. The

assumption of h = 0.75 would then lead to very

significant overharvesting at SSB values

approaching and below 50% of the estimated

unharvested level. Of course, determining the

chance that SSB will reach 20% of its unharvested

size depends on the SRR (actually on the underly-

ing community ecological processes that can

sometimes be summarized by an SRR).

Population projections are also dependent on

the estimated mortality rates. Because these, like

population size estimates, depend on the mark–re-
capture programme described in Mormede et al.

(2014a), they are considered in the following

section.

How well do we know the population size?

In their defence of the AnT fishery, Hanchet et al.

(2015a) cite Mormede et al. (2014a) as showing

that the 2013 SSB is 75% of pre-exploitation level

with 95% confidence intervals of 71–78% of B0
(i.e. 51 530 t; confidence interval 48 860–53 680

t). This estimate is approximately 2000 t more

than the 2011 estimate (CCAMLR 2011) of the

2009 SSB (49 580 t). Under the CCAMLR (2013,

fig. A3) estimated biomass trajectory, the 2013

figure should have been approximately 6000 t less

than that in 2009. If the 2013 figure and trajec-

tory are correct, the 2011 estimate of the 2009

population was low by approximately 8000 t (i.e.

16%). Hanchet et al. (2015a) do not explain

the high confidence in current estimates, given the

discrepancy with earlier ones, as well as the dis-

crepancy of two previous sets of population

estimates with each other (Abrams 2014). Hur-

tado-Ferro et al. (2015) provide examples of some

of the problems that can result from such ‘retro-

spective patterns’.

In the absence of earlier (pre-1997) data, the

estimation of pre-exploitation SSB is based on

extrapolation from population estimates in later

years using mark–recapture data, an assumed

population growth model and a proprietary com-

puter program (CASAL). These early estimates of

population size necessarily are highly uncertain

because very few tagged fish had been recovered

(a total of 137 tags by the end of 2006; Mormede

et al. (2014a)). We do not know whether the

1996 SSB was historically atypical. Given that

some illegal exploitation (€Osterblom et al. 2010)

and considerable alteration of hydrographic attri-

butes had already occurred by 1997 owing to cli-

mate change in the Ross Sea region (e.g. Jacobs

2006; Jacobs and Giulivi 2010; Comiso et al.
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2011; Stammerjohn et al. 2012), it seems more

likely that the 1996 AnT population (and hence

SSB) was lower than a pre-fishery median value.

Given the important role of ocean circulation in

the life history of this population (Ashford et al.

2012; Hanchet et al. 2015b), it is possible that

changes in circulation predating 1997 (Jacobs

2006; Comiso et al. 2011) could have adversely

affected population size. In any event, the current

SSB relative to a meaningful pre-harvest average

cannot be known with 95% confidence to within

�20%, let alone the claimed limits of �3–4%.

Given the uncertainties in the proper structure of

a dynamic model, such narrow bounds are not

credible.

Current AnT population estimates, based on

mark–recapture, are subject to many sources of

error, some discussed in Abrams (2014). These

include nonrandom mixing of marked individuals,

non-random sampling of the population by fishing

vessels and unverified assumptions regarding the

survival and behaviour of individuals and tags.

Perhaps the most troubling source of error is the

use of fishing vessels for the sampling programme.

CCAMLR explains that this has been unavoidable,

given the expense and the large spatial extent of

the population involved; however, it means that

random sampling cannot occur. The limited spa-

tial modelling that has been done (Mormede et al.

2014b) has only considered random movement on

a large spatial scale (between 24 000 km2 cells).

Very little is known about adaptive aspects of

movement, interindividual variation in movement,

or variation in population densities on a finer spa-

tial scale. Random mixing is also unlikely on a

smaller spatial scale, where fish are likely reacting

to densities of prey, conspecifics and their own

predators in unknown ways; as with other

notothenioids, AnT change their spatial distribu-

tion with size (Gon and Heemstra 1990; Eastman

1993; Hanchet et al. 2008, 2015b). Depending on

the spatial scale of movement and what determi-

nes movement behaviours of both fish and fishing

vessels, non-random movement may cause under-

or overestimation of population size.

The most recent CCAMLR estimates of popula-

tion size assume that the estimated survival rates

of fish and of tags are correct. However, there are

potentially large and currently unknowable errors

in estimates of the survival of tags, the survival of

fish during or as a result of the tagging process

and the survival of fish in general. We present a

rather lengthy discussion of these problems, not

only because mortality rates are important param-

eters for both assessments and projections, but

also because the lack of acknowledgement of

uncertainties in their estimates of these rates by

Hanchet et al. (2015a).

Take the case of mortality as a result of tagging.

The value consistently used by CCAMLR analyses

(most recently Mormede et al. (2014a)) was based

on mortality for a different species (Patagonian

toothfish) in another location, where individuals

were observed in a tank on the fishing vessel for

12 h immediately post-tagging. Hanchet et al.

(2015a) argue that doubling the mortality

observed for ‘healthy’ fish in this crude half-day

experiment (as in CCAMLR’s analysis) makes the

resulting estimate precautionary. However, the

effects of tagging on mortality after the first 12 h

are completely unknown, and the observed 12-h

mortality in the D. eleginoides study was likely

lower than it would have been in the ocean

because of the absence of larger predators (other

toothfish, seals, toothed whales; Constable 2004;

his figure 4) in the experimental tank. In fact, Pet-

rov and Tatarnikov (2010) argue that the tagged

individual they recovered in the stomach of a lar-

ger AnT was probably consumed shortly after tag-

ging. The fact that long-lasting (6 months) effects

on growth are also assumed to occur in the

CCAMLR analysis makes it clear that the negative

effects of tagging are not confined to the first

12 h. Many studies in behavioural ecology show

that organisms experiencing decreased food intake

usually increase their level of risk-taking during

foraging (e.g. Werner and Anholt 1993; Heithaus

et al. 2008), so they should also experience

greater mortality throughout that period. There

are cases where aquarium studies and/or studies

of related species greatly underestimated tagging

mortality (e.g. Ebner et al. 2009). Given the vari-

ety of potential unobserved mortality effects, total

tagging-related mortality for D. mawsoni in the

wild could easily exceed that of the healthy subset

of the D. eleginoides used in the 12-h tank observa-

tions by more than a factor of two. If so, popula-

tion estimates will be inflated.

Abrams (2014) argued that the natural mortal-

ity rate estimates for adult fish in nature by

CCAMLR had wide confidence intervals; the result-

ing range of potential natural mortalities needs to

be included in assessing confidence intervals of

population estimates and model forecasts. In
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response, Hanchet et al. (2015a) inaccurately sug-

gested that Abrams (2014) had claimed that their

mortality estimates were based on life-history

invariants. Hanchet et al. (2015a) state that their

new figure of 13% annual natural mortality is pre-

cautionary because this value is slightly below the

mean of values produced by their three different

mortality estimation methods. This again ignores

the wide confidence intervals associated with all

three estimation methods. Mortality is assumed to

be independent of age and size by Hanchet et al.

(2015a), but this is generally not the case for

long-lived animals (Finch 1990). Hoenig’s (1983)

method gives the lowest mortality rates (11–12%)

of the three methods Mormede et al. (2014a)

examine. However, it is based entirely on the min-

imum age of the oldest 1% of the population, a

parameter likely to be decreased by senescence,

inflating the mortality estimate for the majority of

the adult life span. Estimates based on this method

are also expected to have very wide confidence

intervals, as with all extreme value statistics based

on limited sample sizes. However, no such inter-

vals have been reported, and all three methods

used have wide uncertainties. Wide confidence

intervals are acknowledged in CCAMLR analyses

of mortality estimates for D. eleginoides (Candy

et al. 2011), but not for AnT.

Can management respond rapidly to unexpected

population declines?

Assume for the sake of argument that the

dynamic model currently used by CCAMLR is

accurate for the parts of the life cycle that are

observed. Does the type of data currently being

obtained ensure that low population sizes will be

avoided? Hanchet et al. (2015a) state that the

‘adaptive feedback nature’ of current management

ensures the safety of the AnT stock. ‘Adaptive

feedback’ is the idea that harvest amounts will be

reduced (by some as yet unspecified amount)

when the stock is estimated to be ‘close’ (by an

unspecified amount) to its target 50% reduction of

SSB. Hanchet et al. (2015a, p. 333) assert that

their critics have all assumed that no adjustment

of the harvest rate will occur at any population

size until the limit is reached, when in fact none

of the papers critical of CCAMLR management

that were cited by Hanchet et al. (2015a) have

made such an assumption (see Blight et al. 2010;

Jacquet et al. 2010; Ainley et al. 2013; Ainley and

Pauly 2014; Abrams 2014). However, adjustment

must occur rapidly enough and to a sufficient

extent to prevent unwanted changes in population

size. Hanchet et al. (2015a) claim that CCAMLR

rules ensure meeting their objectives, but do not

present or refer to any document where these

rules may be found. Several lines of evidence

argue against the existence of an adequate proce-

dure.

First, consider the empirical record on feedback;

has management actually responded adaptively as

new information has become available? The total

allowable catch has not been adjusted significantly

since the 2003–2004 season, and the publicly

available record does not include any considera-

tion of reductions in those quotas up to this time.

However, since then, the estimated age of female

maturity has been raised from 8 to 17 years, the

length for female maturity has been raised from

100 to 141 cm, the estimated SSB is now esti-

mated by CCAMLR (CCAMLR, 2013) to have

declined by 25% and the decrease may be signifi-

cantly greater. In addition, the estimated natural

mortality has been decreased from a range of

0.15–0.20 to a uniform 0.13 [compare CCAMLR

(2004) with CCAMLR (2013, 2014b) and Mor-

mede et al. (2014a)], and there has been a major

shift in the size-structure of the catch over the past

decade (fig. 1 of CCAMLR 2013; D.B. Siniff and

D.G. Ainley, unpub.). None of these changes has

produced a significant alteration of the annual

quota.

Could management adapt quickly enough to

avoid unwanted population declines? The lack of

knowledge of early life stages means that adverse

changes in demographic parameters in adult

reproduction and early juvenile stage survival or

growth could not be detected until many years

after the changes took place. Even shifts in adult

mortality rates would have to be large in magni-

tude and occur over a sustained period to be

detected. For instance, what would occur if pro-

duction of eggs or larvae or survival of young fish

during their first year declined greatly, either as

an indirect result of fishing (e.g. smaller adults) or

because of unrelated environmental change (e.g.

the ongoing altered circulation patterns docu-

mented by Comiso et al. (2011))? The inability to

catch fish near the estimated time of spawning or

to census young fish would prevent quick detec-

tion of such events. Hanchet et al. (2015a) note

that, starting in 2012, annual surveys attempted
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to assess numbers of smaller, pre-recruit individu-

als over the inner Ross Sea shelf, where this stage

predominates. However, reported catches over the

first three years contain almost no fish <60 cm in

length (Mormede et al. 2014c; fig. 12); this corre-

sponds to a minimum age of 5–6 years old. These

catches have modal lengths only 10 cm (10%) less

than that of the 2013 fisheries catch in area 88.1

(CCAMLR 2013). This means absolutely no popu-

lation estimates for fish aged <6 year and unreli-

able estimates at least up to age 8 and perhaps up

to 10. It does not seem consistent with the claim

in Hanchet et al. (2015a, p. 337) that, ‘. . .the pre-

sent monitoring includes small toothfish (giving a

direct indicator of recruitment success)’. Further-

more, because the survey of ‘pre-recruit’ fish uses

only a single vessel, spatial coverage is limited,

leading to further uncertainties. The catches had

virtually identical size distributions each year of

the survey (Mormede et al. 2014c), so it appears

that either no different strategy to capture truly

small fish has been tried, or the attempts have

been unsuccessful.

If we use the same growth and survival rates

reported in Mormede et al. (2014a, p. 42), we can

calculate the drop in adult female biomass (SSB)

that will occur starting 17 years after a sustained

failure of reproduction (or first year survival). The

event might be detected in the sixth year when

the first recruits would have reached a catchable

size, but it would probably require several addi-

tional years before the scarcity of small individuals

could not be dismissed as a temporary drop.

Assume very low recruitment began in 2005; it

would probably just have been acknowledged in

2015. Under an extremely optimistic scenario,

fishing would be halted, spawning grounds would

be located, and a way to restore spawning/larval

survival discovered by 2017. The next 5 years,

2017–2022, would have normal female recruit-

ment due to young born 2000–2005, but would

be followed in 2022–2034 by 12 years of no

recruits to the adult female population. Using

CCAMLR (2013) to project SSB until 2017, with

5 years of recovery afterwards, the 2022 SSB

would likely be close to the 2013 value of 75% of

B0. During the 12-year period of no recruits that

begins in 2022, the adult female SSB would

decline to 24.3% of its 2022 value or 18.2% of

B0. It is hard to see how such an outcome can be

described as the product of precautionary manage-

ment given the strictures in the CCAMLR Articles.

The exact scenario described above is unlikely,

but the potential for comparable decreases in SSB

because of spawning or recruitment problems is

not. The assumption of complete reproductive fail-

ure in our scenario decreases the minimum popu-

lation size, but the assumption that the problem

begins as early as 2005 increases that minimum.

In fact, because significant fishing has occurred for

less than the female maturation time, the shift in

adult size distribution and/or failure to correctly

identify the SRR could decrease the number of

recruits below CCAMLR’s expectations by 1/2 or

more. If the putative reproductive failure discussed

above started after the adult population had

declined to its target 50% biomass, the minimum

biomass reached after a 12-year reproductive fail-

ure would be lower; even an 8-year failure would

be expected to reduce the population below 15%

of B0, conservatively assuming fishing mortality

increases annual mortality from 13% to 17%.

Unexpectedly large and persistent reductions in

recruitment are quite possible, given that the com-

bined effects of reduced abundance and smaller

size of adults, ongoing environmental changes,

and human activities on spawning and larval sur-

vival are largely unknown. Effects of rapidly

changing global climate and ocean chemistry and

circulation on early AnT life stages are a particu-

lar concern (Cheung et al. 2009, 2010). In dis-

cussing the biology of early life stages, Constable

et al. (2014, p. 3015) warned that, ‘toothfish may

also be vulnerable to a changing environment’.

Spawning is assumed to be restricted to northern

seamounts (Hanchet et al. 2008, 2015b; Ashford

et al. 2012). Koslow et al. (2000) had earlier

noted the particularly high risk of collapse of

exploited deepwater species in part because of their

tendency to reproduce on seamounts, which repre-

sent limited and fragile habitat. The shallower

environment of these sites is likely to be more sus-

ceptible to the effects of climate change (cf. Che-

ung et al. 2009, 2010; Pitcher et al. 2010). Egg

and larval travel from the sea mounts and vicinity

to the Ross Sea shelf is another issue and is pur-

portedly done passively in the Ross Gyre (Hanchet

et al. 2008; Ashford et al. 2012). However, salin-

ity is undergoing rapid change in the Gyre as

coastal ice shelves melt (Jacobs 2006; Jacobs and

Giulivi 2010), thus potentially affecting the buoy-

ancy of eggs, larvae and juveniles. In addition, the

speed of the Gyre is increasing; with occasional

slowing related to El Nino climate patterns, its flow
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rate has almost doubled during the last two dec-

ades owing to larger scale ‘global climate change’

(Comiso et al. 2011). This suggests that environ-

mentally caused alterations in recruitment are not

very low probability events. Elsewhere in the

Southern Ocean, where unprecedented environ-

mental change is also underway, depleted stocks

of two demersal fish have failed to recover since

becoming economically unviable in the early

1980s and then closed to fishing by CCAMLR in

1990 (Marschoff et al. 2012).

The differential depletion of large individuals by

the fishery could prevent compensation in per cap-

ita reproduction that might otherwise occur. The

proportional investment in reproduction increases

with size in fish (e.g. Longhurst 2010) and fish-

ery-caused mortality will decrease the proportion

of larger more fecund individuals. Depletion of lar-

ger individuals could also lead to poorer survival

rates of larvae due to maternal effects (Hixon et al.

2014). CCAMLR (2013) acknowledged the

reduced relative abundance of large fish in the

main fishing grounds of the Ross Sea slope. Han-

chet et al.’s (2015a, p. 337) statement that, ‘This

information [on early life-history stages] would

have little impact on estimates of. . .current stock

status. . .’ is contradicted by the above examples (if

‘status’ includes the projections for the near

future).

Is Antarctic toothfish harvest precautionary with

respect to ecosystem effects?

Uncertainties in predictions are magnified when

considering the indirect effects of harvesting AnT

on the dynamics of other species (Convention Arti-

cle II(3b,c)). Here, all of the ecosystem analyses

cited in Hanchet et al. (2015a) rely on a non-

dynamic model (Pinkerton et al. 2010; Pinkerton

and Bradford-Grieve 2014) that describes energy

flows among broadly defined elements of the food

web. This, in turn, is based on a method of adjust-

ing highly uncertain estimates of diets so that they

imply mass balance (Ecopath with Ecosim; Chris-

tensen and Walters 2004). ‘Balancing’ the esti-

mates about energy flows does nothing to reduce

the uncertainty about the magnitudes of those

flows. Pinkerton and Bradford-Grieve (2014) use

the Ecopath-adjusted flow estimates to calculate

the effects of an infinitesimal change in abundance

on the flow of energy between species. Without a

dynamic model, these cannot be used to estimate

the impact of large changes in the abundance of

any species (here, AnT changing by 50%). It is

well-known that extrapolation from infinitesimal

changes is not valid even in ‘linear’ (i.e. Lotka-Vol-

terra) systems because ecosystem components may

invade or go extinct based on the perturbation

(Abrams 2001). It is even more unreliable for sys-

tems with highly nonlinear per capita growth

rates, which is likely to be the vast majority of sys-

tems (Abrams 2001, 2009a, 2010). Use of such a

model is made more questionable by the seasonal

shifts in distribution and behaviour that has been

observed in bird and mammal species that repre-

sent potential predators and/or competitors of AnT

(e.g. Ainley et al. 2015a), as well as the uncoupled

nature of upper and lower trophic levels (e.g. Ain-

ley et al. 2015b). The poorly known shift in AnT

diet with developmental changes in buoyancy

(Near et al. 2003) is another complicating factor

in this system.

Because AnT are the only abundant large

predatory fish in the Ross Sea ecosystem and have

a generalist diet, they have the potential to impose

a large change in the structure of rest of the fish

community, as well as some invertebrates at lower

trophic levels (see also Gon and Heemstra 1990;

Kock 1992; Eastman 1993). This is particularly

important in a system where abundant upper

trophic level species are competing for the same,

limited prey (Ainley et al. 2015b). Depletion of

large predatory fish elsewhere has had such com-

munity-level effects (Myers and Worm 2003;

Frank et al. 2005).

In considering the 50% of baseline target from

the ecosystem perspective, it should be noted that

Constable et al. (2000) argued for a lower biomass

limit of 75% of baseline for the Antarctic krill har-

vest, and this is the policy that CCAMLR adopted.

The justification was that 50% was a standard

limit point in analyses using single-species models,

but krill was the food source for many other spe-

cies, so ecosystem considerations required that the

limiting abundance of krill be higher [again, note

CCAMLR Article II(3)]. Constable et al. (2000) felt

that a supposed lack of predation on toothfish jus-

tified the target abundance of 50%, which was

standard for single-species models. However, pre-

dation by mammals on toothfish had already been

documented and has subsequently been shown

repeatedly (Yukhov 1971; Ainley and Siniff 2009

and references therein; Ainley and Ballard 2012;

Torres et al. 2013; Eisert et al. 2013; see Constable
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2004, his figure 4). Thus, the logic applied to krill

also argues for a precautionary target AnT popula-

tion level above B0/2.

If predation on toothfish is indeed insignificant,

this could well imply that AnT occupies the role of

a keystone top predator (Eastman 1993). General

analyses of harvesting in simple food web models

(e.g. Matsuda and Abrams 2006) show that har-

vesting such species frequently causes extinctions

at lower trophic levels, and top predators are

known for their positive effects on diversity at

lower levels in many other ecosystems (Estes et al.

2011). We do not know the Ross Sea food web

well enough to justify the belief that a 50% reduc-

tion in the AnT population is safe for lower

trophic level species. Currently, CCAMLR has no

Ecosystem Monitoring Program in place to mea-

sure the ecosystem effects of the toothfish fisheries

it manages; this again contrasts with the Antarctic

krill fishery (www.ccamlr.org/en/science/ccamlr-

ecosystem-monitoring-program-cemp, 15 Decem-

ber 2015).

Is current management sufficiently impartial?

While there are always unknowns in fisheries

science, an essential element of a precautionary

approach is to recognize that these produce a

range of plausible models. If a significant fraction

of plausible models lead to unacceptable outcomes

under a particular policy, a precautionary

approach would be to adopt a different policy.

Because the plausible range of models has not

been explored for AnT, the advice of Hanchet et al.

(2015a, p. 339) seems appropriate: ‘when key

information is inadequate, exploitation rates are

reduced to ensure that the precautionary approach

is followed’.

In cases with high levels of uncertainty, history

often provides a better guide to action than do

quantitative analyses based on insufficient data.

Ainley and Pauly (2014) historical review of fish-

eries in the coastal Antarctic documents the many

previous instances of over-fishing in this ecosystem

(see also Gon and Heemstra 1990; Kock 1992;

Ainley and Blight 2009); this history argues for a

very conservative interpretation of ‘precaution’, as

does the very slow recovery of other, previously

fished Antarctic benthic species (Marschoff et al.

2012). Even if unknowns were fewer, as was the

case for Atlantic cod, collapse of AnT or other spe-

cies in the system remain distinct possibilities.

The CAMLR Convention calls for decisions to be

based on the best science available (Article IX(f)).

Has this been the case for the AnT fishery? As

noted in the first half of this article, science in

poorly understood fields requires consideration of a

range of approaches, preferably by a range of

investigators. The concern that values that weight

profits over precaution have had too large an

influence in this case is bolstered by the source of

most of the studies used for stock assessment and

population modelling. The large majority of these

studies have been carried out following the initia-

tion of the AnT fishery by scientists employed by a

government-related agency, New Zealand’s

National Institute of Water and Atmosphere

(N.I.W.A.). New Zealand has been and still is one

of the largest harvesters of AnT (Table 2 of

CCAMLR 2013). N.I.W.A. has felt the need to

defend the current CCAMLR policies (N.I.W.A.

annual report, 2015, p. 75; https://www.niwa.-

co.nz/sites/niwa.co.nz/files/NIW12101_AR%2020

14-15_16F%20LR.pdf, 8 December 2015). In

addition, the N.I.W.A. website displays a video of

S. Hanchet claiming ‘[the fishery]. . .is probably

one of the best managed in the world’. (21 Feb.

2012: https://www.niwa.co.nz/videos/current-

and-future-management-of-the-toothfish-fishery).

Such claims make it more difficult to change posi-

tions in the face of contrary data. Even among

initially impartial scientists, there is a reluctance

to reverse positions on a controversial issue once

a stance has been taken. This illustrates the need

for Ludwig et al.’s (1993, p. 36) call to, ‘Include

human motivation and responses as part of the

system to be studied and managed’.

What should be done?

Our example of the Ross Sea region AnT is cer-

tainly not among the most over-exploited fish in

the world. There are many other fish stocks where

the label of ‘insufficient precaution’ applies (Safina

et al. 2005; Rosenberg et al. 2006; Neubauer et al.

2013). Determining the extent to which our five

criteria are satisfied should aid in determining

what future policy changes are required to restore

these populations. Wider recognition of the high

levels of uncertainty characterizing most fisheries

predictions should be helpful in designing future

management protocols.

For AnT, it would clearly be more precautionary

to significantly reduce the annual take. Closure of
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the fishery until the dynamics of the major compo-

nents of the ecosystem are better understood

should also be considered, in conjunction with an

expanded field research programme. If fishing con-

tinues, it would be desirable to decrease the

annual quota and increase the target spawning

stock biomass. This could be accomplished using

the same proportional target as in the CCAMLR

krill fishery, that is 75% of B0. This was the 2013

estimate of SSB for Area 88 AnT, implying imme-

diate reductions in the allowable catch. It is worth

noting that N.I.W.A. now acknowledges that killer

whales and Weddell seals prey on AnT (https://

www.niwa.co.nz/sites/niwa.co.nz/files/NIW12101

_AR%202014-15_16F%20LR.pdf, p. 75), showing

an emerging consensus on the importance of AnT

as prey of marine mammals in the Antarctic

ecosystem. The logic used in Constable et al.

(2000) would then argue for a limit point for AnT

>B0/2. Whatever new target is adopted, future

research should involve understanding spawning

and transport of larvae and very small fish in a

dramatically changing flow system. It should also

include collecting a multiyear record of population

size of young fish and associated environmental

variables and continuing and improving popula-

tion estimation of larger fish. These and other pro-

jects should seek involvement by a wider range of

scientists to obtain a more complete understanding

of the potential population and ecosystem conse-

quences of harvesting. This research should lead

to the development of an Ecosystem Monitoring

Programme.

Over the years, CCAMLR has instituted a num-

ber of desirable policies and protocols related to

conservation. These include (www.ccamlr.org): no

directed finfish fishing anywhere in FAO Area

48.1, owing to depleted stocks [Conservation Mea-

sure (CM) 32-02]; no longlines or bottom trawling

at depths <550 m to protect benthic invertebrates

(CM 22-08); prohibition on all take of sharks (CM

32-18); and significantly precautionary harvest of

krill (various CMs and an Ecosystem Monitoring

Programme). Nevertheless, in many respects, the

level of precaution in regulating the Ross Sea AnT

fishery does not appear to be substantively differ-

ent from many purely extractive fisheries on better

known species in less sensitive and less protected

environments. The lack of knowledge that poses a

problem for management is also a problem for

longer term prediction of the size of the AnT popu-

lation. We have concentrated on potential risks of

population decline here, as these risks are what

the precautionary approach is designed to avoid.

Careful consideration of the questions we outline

here can help to improve the application of a pre-

cautionary and ecosystem-based approach to sus-

tainably manage not only AnT, but also exploited

fish populations elsewhere in the world. The fact

that a more precautionary approach has not been

followed for AnT so far should itself serve as a

cautionary message to those who feel that fisheries

elsewhere are safe from future over-exploitation.
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