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The ecosystem approach to fisheries has been discussed since the 1980s. It
aims to reduce risks from fisheries to whole, or components of, ecosystems,
not just to target species. Precautionary approaches further aim to keep
the risk of damage to a low level. Here, we provide a dynamic framework for
spreading the ecosystems risk of fisheries in space and time, a method that can
be used from the outset of developing fisheries and continually updated as new
knowledge becomes available. Importantly, this method integrates qualitative
and quantitative approaches to assess risk and provides mechanisms to both
spread the risk, including enabling closed areas to help offset risk, and adjust
catch limits to keep regional risk to a baseline level. Also, the framework does not
require uniform data standards across a region but can incorporate spatially and
temporally heterogeneous data and knowledge. The approach can be coupled
with the conservation of biodiversity in marine protected areas, addressing
potential overlap of fisheries with areas of high conservation value. It accounts for
spatial and temporal heterogeneity in ecosystems, including the different spatial
and temporal scales at which organisms function. We develop the framework
in the first section of the paper, including a simple illustration of its application.
In the framework we include methods for using closed areas to offset risk or
for conserving biodiversity of high conservation value. We also present methods
that could be used to account for uncertainties in input data and knowledge. In
the second section, we present a real-world illustration of the application of the
framework to managing risks of food web effects of fishing for Antarctic krill in the
Southern Ocean. Last, we comment on the wider application and development of
the framework as information improves.

CCAMLR, Southern Ocean, ecosystem-based management, EBFM, MPA, risk
management
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1. Introduction

Fisheries can impact ecosystems in many ways, including
disruption of the dynamics of species targeted by the fishery or those
killed incidentally in fishing operations, such as seabirds, destruction
of habitat and the concomitant disruption of associated species, such
as bottom fisheries impacts on reef systems, and alteration of food
webs through the removal of species. The ecosystem approach to
fisheries has been considered since “Our Common Future” (World
Commission on Environment and Development, 1987) and the rise
of sustainable development. The policy on what constitutes ecosystem-
based fisheries management (EBFM) is articulated by the UN Food
and Agriculture Organisation (FAO, 2003), following their publication
of the precautionary approach to fisheries (FAO, 1996).

Emphases on EBFM have varied between a number of
approaches. First, methods to implement ecosystem-oriented
policies in decision rules and actions have been developed
(Constable et al., 2000; Constable, 2006). Second, ecosystem risks
of fishery management strategies are being evaluated using dynamic
modelling, such as for understanding the food web effects of fishing
(Constable, 2002, 2004, 2005; Fulton et al., 2019). Last, vulnerable
species and habitats that may be directly affected are being identified
and action taken to minimise impacts on them, such as for
eliminating by-catch or avoiding sensitive areas (Smith et al., 2007;
Constable, 2011).

All approaches aim to reduce risk of fisheries to whole, or
components of, ecosystems. Unless of course, the management
strategy is reactive, waiting for damage to be detected before action is
taken; a strategy that obviously fails to meet ecosystem objectives
because the damage has been done. Approaches aiming to keep risk
of damage to a low level, risk assessments, sometimes called a
precautionary approach, may seem to be costly, particularly when
some argue that everything needs to be measured to properly assess
risk. However, qualitative ranking of conditions to be avoided or
reduced may be a first step in management before quantitative
assessments of risk can be done (Smith et al., 2007). Consider the
difference in approaches to minimising incidental seabird mortality
in longline fisheries compared to reducing risk through stock
assessments in the krill fishery by the Commission for the
Conservation of Antarctic Marine Living Resources (CCAMLR)
(Constable et al., 2000).

Stock assessments aim to provide sustainable catch limits for a
region and for a designated time period, say one or 2years. A
particular challenge for managers is when fishing may become
concentrated in space or time within the assessed region, causing
ecosystem effects. Ecosystem risks may be related to areas fixed in
space, such as reefs, or at particular times of the year, such as breeding
periods, or some combination of the two, such as nursery areas. These
risks may arise from fishing effort, such as the length of longline set or
swept area of trawls, or simply from the total catch. The question then
arises as to how to use ecosystem-oriented risk assessments to set
finer-scale spatial and temporal measures to control a fishery in order
to reduce the potential for ecosystem effects. Here, we present a
dynamic framework of risk assessment and management that can help
distribute a fishery in space and time to avoid ecosystem effects. It
enables use of available data and knowledge to set ecosystem-based
catch controls on a fishery to maintain ecosystem risk at a low level,
and then be easily updated as new information and assessments arise.
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While the framework could be applied to determining how fishery
controls may be varied over years, we focus on developing the
framework for its use to distribute a fishery in space and between the
seasons within a year to maintain low risk of ecosystem impacts
despite spatial variability in data and knowledge. The approach may
be coupled with considerations of the conservation of biodiversity in
marine protected areas (Grorud-Colvert et al, 2021) and can serve to
address the potential overlap of fisheries with areas of high
conservation value. It is designed to account for heterogeneity in
ecosystems, including the different spatial and temporal scales at
which organisms function. We develop the framework in the first
section of the paper, including a simple illustration of its application.
In the framework we include methods for using closed areas to offset
risk or for conserving biodiversity of high conservation value. We also
present methods that could be used to account for uncertainties in
input data and knowledge. In the second section, we present a real-
world illustration of the application of the framework to managing
risks of food web effects of fishing for Antarctic krill in the
Southern Ocean.

2. Framework for managing
heterogeneity in risk

With perfect knowledge, catches can be distributed to avoid high
risk of ecosystem impacts, equivalent to using an accurate dynamic
ecosystem model for determining a spatially and temporally resolved
fishing strategy. However, with imperfect knowledge, how might
we avoid ecosystem impacts in a heterogeneous world?

2.1. Composite risk index

Risk, 7, is the product of the probability, p, of the catch or effort
from the fishery (F) and the probability of significant ecosystem
impact, E, given the fishery (see Fenton and Neil, 2013 for a broad
discussion on mathematical formulation of risk):

r=p(F)p(EF) (1)

Here, we are seeking specific fishery controls in space and time to
reduce risk to acceptable levels, thereby setting p(F) to equal 1. If the
relationship between F and probability of significant ecosystem
impacts is known then we can easily solve for the limits to the fishery
that satisfactorily reduces risk. This logic underpins the framework.
Moreover, it can be usefully applied even when the relationship
between the magnitude of fishing and impacts is only approximated
in the early stages of a fishery.

2.1.1. Index of risk

The concept of significant ecosystem impact arising from F has
three parts: (i) a combination of specific effects on the ecosystem, (ii)
a judgement on the degree to which levels of effects are regarded as
significant impacts, and (iii) the method for combining the effects into
a single risk. In reality, Equation 1 becomes an index of risk, R, ranging
from 0 to 1. The probabilities of the effects are standardised to a scale
of significance of impact in order for them to be combined. This may
be achieved by rescaling the effects to significance of impact and
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retaining the probabilities, or by rescaling the probabilities to range
from 0 to 1 and retaining the levels of effects. The latter may be done
in order to keep the discussion around observed effects/biological
quantities rather than more abstract quantities. For this reason and
because probabilities may be expert judgements in early stages of
applying the framework, we use the term “pseudo-probabilities” for
individual ecosystem effects in presenting the framework.

The index of risk for a given area will be derived from pseudo-
probabilities, r(F),, relating to n different risks. The combining of
pseudo-probabilities cannot be additive. Nor can it result in the
apparent risk indicated by the index to be less than any individual risk.
We choose a formulation that increases the index as more risks arising
from fishing activities are included:

r(F)=1-TTa-r(ry )

'

where 0<7(F) <1

2.1.2. Scaling pseudo-probabilities to reflect
relative importance of risk

Here, pseudo-probabilities are a means of scaling risks as to their
importance for minimising or avoiding. They are also a means of
standardising different risks for use in Equation 2. Later, this scaling
process is also used for standardising ecosystem vulnerabilities in the
early stages of a fishery. A “naive” approach to pseudo-probabilities is
to anchor them solely in their respective probabilities of significant
effects given the fishing level. When different risks are aligned for a
given fishing level then avoidance or reduction is straightforward.
However, when the relative levels of risk are not aligned in their
relative importance, the combined risk in one area may not
be comparable to another area.

Figure 1 provides examples of scaling risks to better reflect relative
importance. We found that a logistic function provides a useful
method for scaling risks:

1.001

o
~
o

Pseudo-probability
g

o
)
o

0.00 1

Risk variable

FIGURE 1

Examples of scaling pseudo-probabilities from a risk variable. Black
line is used in the Antarctic krill example below to represent scaling
of predation pressure using (h=3; v=3; X5,=0.5; X,=0; X;=4; Y,=0;
Y,=1). Red line shows similar curvature to the black line but with a
maximum value less than one. The blue line shows a threshold
scaling, where the importance is at a minimum below the threshold
risk and at a maximum above it.
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0= 1(x0)
Y‘Y“Y’[zm—z()ro)}

1

(] +e—h(X—X50))l/ v

Yo+7Y <1 3

where I(X) =

and the symbols are: Y, (Y intercept), Y, (range of Y), X (value of
risk to be scaled), X, (minimum risk), X, (maximum risk), &
(steepness), X5, (risk at which half of Y, is reached), v (shape).

2.1.3. Critical value of the risk index

Once the pseudo-probabilities of the risks relative to fishing level
have been determined for a given area, the fishing level in that area
could be that at which the resultant risk index is at a satisfactory low
level, i.e., a target level, R. In the first instance, the target level may
be determined from the combination of critical levels for each risk, 7,
such that, using Equation 2:

k:l—Ha—},,) 4

Meeting the target level in Equation 4 by reducing some risks may
result in other risks being left at too high a level. Care will be needed
in how target composite risks are applied.

2.1.4. Region-wide mean risk

The region-wide mean risk is the sum across all areas, a, of the
area-specific risk, weighted by the size of areas, A,, in which the area-
specific risk index is assessed. It can be used as a guide to the
consequences of different spatially-distributed fishing strategies in the
region, including the use of closed areas for moderating risk:

2adaRy (Fa) 5
a4,

A
R=

We have focussed on heterogeneity of risks in space within the
region of a stock for developing the framework. The framework could
be further extended for a suite of fisheries with different spatial
structures and for when fishing in one area impacts on the ecosystem
in other areas (Constable, 2014).

2.2. Using the risk index for spreading risk
during developing fisheries

Knowledge on the relationship of many ecosystem risks and the
magnitude of fishing is often only coarse (Smith et al., 2007).
Nevertheless, a first step for identifying spatial variation in ecosystem
properties can be to assess spatial structure in the system from
satellite-obtained environmental data (Constable, 2011). This spatial
structure can then be refined and potential risks from fishing
identified with the addition of field observations, species distribution
modelling, dynamic modelling and other tools (Melbourne-Thomas
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et al., 2017; Brasier et al., 2019; McCormack et al., 2021). We extend
the framework above to spread the fishery to reduce risks while the
fishery develops and data on risks to the ecosystem from different
levels of fishing and its distribution are obtained. The aim is to guide
the fishery to have a higher fishing pressure, such as catch density, in
lower risk areas than higher risk areas.

2.2.1. Baseline regional risk

First consider the baseline strategy for distributing a
developing fishery. Neutral pressure of the fishery on a target
stock is to apportion catch in a given area according to the
proportion of the target stock in that area. This neutral pressure
is then adjusted to account for local area ecosystem vulnerabilities,
thereby reducing the fishery in higher risk areas. The resulting
distribution is the baseline catch vector with an attendant
baseline regional risk to the ecosystem.

Neutral fishing pressure (Fy ) is the proportions of the region-
wide catch or effort that could be taken from the respective local areas
and/or times that result in the same fishing pressure on the target
stock in each area. For example, this fishing pressure could
be according to the proportions of the stock in each area, determined
from the respective measures of density, D, and the surface area of the
area, A:

Dy A, 6
Ya'Dy Ay

a=

where a’ refers here and in the following equations to all areas in
the assessment.

Equation 2 provides the basis for assessing ecosystem risks and
using pseudo-probabilities to assess overall risk from fishing in a local
area. As the risk may not be able to be quantified directly in the first
instance, we use the term vulnerability, in the interim, to reflect how,
for a particular attribute, v,, one area may vary from another in terms
of its vulnerability to fishing (discussed further in the next subsection),
such that:

R=1-TI(1-v,)

n

where 0 <v, <1 7

In this case, vulnerabilities may be ranked differences between
areas or some quantitative metric for each area not yet adjusted to risk.
In these cases, the metrics will need to be scaled between 0 and 1, such
as by using Equation 3.

The equation for determining the proportion, a,, (also termed
alpha in the text), of catch or effort in each area and time, ¢, is:

_ Fa,l (1_Ra,t) 8
Agt = 0
I a',t'(l_Ra',t’)

where t’ refers here and in the following equations to all time
periods in the assessment.
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The vector of alphas for all areas in the region is the distribution
of catch or effort that spreads the ecosystem risk. The contribution to
regional risk of the local area in a time period is the product of o, and
R, The baseline risk to fishing is then the catch or effort weighted risk
from across the region, which is the sum of the local area contributions
to risk:

ﬁ = z aa,tRa,t 9

a,t

2.2.2. Accounting for preferred fishing patterns

Preferred fishing patterns will likely be different from the baseline
alpha vector. The fishing industry may have preferred locations or
wish to concentrate on the target species in areas of greatest value,
such as greater abundances or areas where schooling occurs naturally
and predictably. Other factors may influence fishing; sea ice cover is
an important consideration in Antarctica. Areas may not allow fishing
such as areas for purposes of biodiversity conservation, recovery of
stocks, refugia, or reference areas for scientific or management
purposes. A method is needed to take account of these desirable
fishing patterns while ensuring baseline risk, 1%, is not exceeded, i.e.,
by reducing the total catch in the overall region.

The method for accounting for desirable fishing patterns has two
steps. The first is to determine an initial alternative catch vector of
alphas, a'. The second step is to modify the vector if the resulting
catch-weighted region-wide risk is greater than the baseline risk.

The initial vector &’ could be determined in many ways. One
approach would be to develop an index for desirability, D, of the
different areas and times in the same way the risk index is developed,
but for desirability factors rather than risks, and include this in
Equation 8, such that

’

_ Fa,t (I_Ra,t)Da,t 10
gt = 0
z:a’,t' a't' (1 - Ra',t' )Da’,t'

Another approach may be to simply nominate the vector of R,
if there was an identifiable preference of where to concentrate fishing.

Following Equation 9, the new region-wide risk, R ,is determined
by substituting e, with @z, . If the new region-wide risk is greater
than the baseline then strategies need to be employed to reduce R’
until it is less than or equal to R . According to the formulation in this
paper, the reduction could be achieved by scaling the catch vector by

R , reducing the overall regional catch. Alternatively, consideration
I'ér
could be given to modifying the catch vector to offset risks by closing

high risk areas or the like until equality with the baseline is achieved.
This method for distributing the fishery when only vulnerabilities
are known is the focus for the remainder of the paper.

2.2.3. Including closed areas for offsetting risks or
conserving biodiversity

Setting fishing to zero in closed areas is one method for offsetting
risk before a reduction in overall catch limit. Closing areas of high
conservation value is also important for achieving objectives for

frontiersin.org


https://doi.org/10.3389/fevo.2023.1043800
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Constable et al.

conserving biodiversity. Incorporating closed areas into the
calculations is achieved after the calculation of the baseline catch
vector, by modifying each neutral fishing pressure in which there is a
closed area (surface area, C) for inclusion in Equation 10:

Eo= D, (Aa _Ca) 11
=2 )
2o Dy Ay

Care is needed in applying such offsets in order to avoid increasing
risks to unacceptable levels for some factors in other areas. The effects
of offsets can be determined by examining the risks for individual
factors under candidate scenarios, a recommended step in all analyses.

2.2.4. Illustration

A simple example to illustrate this method is given in Table 1 and
Figure 2. It has two parts. First, the calculation of the baseline catch vector
and the baseline catch-weighted region-wide risk. This shows how the
catch is moved away from the high risk areas and added to the lower risk
(in this case, no risk) areas. Note, if the risk for any area is equal to 1 then
no catch will be taken from those areas. Second, it illustrates how a
preferred fishing strategy may result in lower region-wide catches than
expected when the region-wide risk under the preferred strategy is

TABLE 1 Simple example of distributing catch amongst three areas (see
Figure 2 for an illustration of the baseline scenario), along with
assessment of risk for an example of proposed distribution of catches
between areas.

Local area

Regional

risk

Data

Local risk index

(R) 0 0 0.75

Target species

abundance (S) 1 1 1

Baseline calculation

Numerator

(S*(1-R)) 1 1 0.25

Denominator (sum

all numerators) 2.25 2.25 2.25

Alpha
(Numerator/
0.445

Denominator) 0.445 0.11

Realised risk
(Alpha*R) 0 0

0.083 R ~0.083

Desirable catch distribution

Initial designated
Alpha 0 0.7 03

Realised risk 0 0 0.225

Risk relative to

baseline - - 2.711

Adjusted alpha 0 0.26 0.11 R'-R

Local realised risk is the catch-weighted risk in local areas.
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adjusted to be no more than the baseline risk. This is because the catch
vector needs to not exceed the risk in any one local area.

2.2.5. Accounting for uncertainty

Most inputs will have some degree of uncertainty. Randomisation
methods are suitable for estimating a catch vector to distribute the
fishery. Two steps are needed: (i) randomise inputs to give a replicate
set of baseline catch and local risk vectors across areas, and (ii) use the
replicate vectors for establishing a catch vector for the fishery.

The first step is dependent on the values used to develop inputs to
the formulae, along with their errors. The approach would be to have
a large number of trials, each randomly sampling the values for
undertaking the calculations from their respective statistical
distributions and then determining the baseline catch vector for a
trial. The second step, itself, has two parts. The estimated baseline
catch vector for the fishery can simply be estimated as the mean of the
replicate baseline catches for each area and ensuring the consequent
proportions of the region-wide catch sum to one. Implementation of
a preferred option, either wishing to apply the neutral catch vector (as
the proportion of the stock in each area) or a specified fishing pattern,
may require a downward adjustment of the regional catch.

In order to account for the uncertainty in a preferred option,
we suggest the adjustment, if needed, is determined using the
following method. First, for each randomisation trial, the regional risk
is calculated from the replicate vectors of local risk combined with the
estimated baseline catch vector, as well as with the preferred vector,
giving replicate values of regional risk for each. As in Section 2.2.2, the
adjustment for each trial is calculated as the quotient of the regional
risks of baseline over preferred. The median of these adjustments
could be used as the overall adjustment of the region-wide catch.

An illustration of this approach is in Table 2 and Figure 3 with the
implementation in Supplementary material (SM Table 1). Results in
Figure 3D show the estimated baseline catch (alpha) reduces the
regional risk distribution across the trials compared to the distribution
when the individual trial catch vectors are used, probably from
keeping catches lower in many trials. The neutral and specified catch
vectors increase the regional risk. In the latter case, the median
downward adjustment of the specified catch vector is 0.54.

3. Example: Antarctic krill fishery in
FAO Statistical Area 48

An important focus of ecosystem-based management of fisheries
(EBEM) is to limit alteration of food webs from the cascading effects
of removing target and by-catch species (Fulton et al., 2019), an
especially important issue for wasp-waist fisheries where target species
are important prey of many predators in the food web (Atkinson et al,
2014). Conserving predators is often not straight forward when
predators interact at many different spatial scales relative to the target
species, the fishery will often prefer to target the same prey
aggregations as the predators, and the expansion of the fishery may
be faster than the acquisition of data on the requirements for
conserving predators (Constable, 2006).

A staged approach to the development of the fishery is needed for
ensuring conservation of predators is achieved while gathering data
and developing suitable EBFM strategies (Constable, 2006; Constable,
2011; SC-CAMLR, 2011).
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Numerator 1.00 1.00 0.25
Denominator
=2.25
1.00 - - -
\3)
S 0.75 - - =
Q >
2 [~2
> 050+ - -
+~
3
o 0.25- - -
0.00
Krill (1-Risk) Krill (1-Risk) Krill (1-Risk)
Local Area 1 Local Area 2 Local Area 3
o= 0.445 0.445 0.110
FIGURE 2
Illustration of the calculations of a baseline catch vector. In this case, the region is divided into three local areas. The ecosystem risks in each local area
are shown in the solid black boxes above the orange bars. Local areas 1 and 2 have zero risks while local area 3 has ecosystem risks of 0.75. The target
species (blue bars) has the same relative abundance equalling 1 in each local area. The values of the numerator show the multiplication of krill
abundance times the value of one minus the risk (orange bars). The denominator is the sum of the values in the numerator. Alpha is the proportion of
the regional catch limit to be assigned to each local area. Each alpha is determined by the division of the respective numerator by the denominator. A
regional risk is calculated as the sum of the local realised risks, which are the multiplications of alpha times the risk. Here, the baseline regional risk is
0.083 (Table 1).

TABLE 2 Illustration for accounting for uncertainty in spreading risk amongst 8 areas.

Local area
4 5 Total

proportion of
regional catch

Data

Local risk index 02(0.032) | 02(0.128) = 0.4(0.048) | 0.4(0.192) = 0.6(0.048) | 0.6(0.192) = 0.8(0.032) | 0.8(0.128)
(Variance) (beta

distribution)

Target species 1(0.5) 1(1.0) 1(0.5) 1(1.0) 1(0.5) 1(1.0) 1(0.5) 1(1.0)
abundance (CV)
(lognormal

distribution)

Specified fishing 0 0 0.11 0 0 0.18 0.36 0.36

pattern

Estimated 0.22 0.19 0.16 0.14 0.11 0.09 0.05 0.04 1.00
baseline alpha

Preferred fishing 0 0 0.06 0 0 0.10 0.19 0.19 0.54
pattern but

retaining baseline

regional risk

Input data and results (Figure 3) for an estimated baseline catch vector, alpha. 10,000 randomised trials across uncertainty. Algorithm implemented in the Statistical Software R (R Core Team,
2022) is in Supplementary material. Median adjustment of regional risk in specified fishing pattern is 0.54.

Scientists under the auspices of the Commission for the an ecosystem monitoring program (Agnew, 1997), considering
Conservation of Antarctic Marine Living Resources (CCAMLR)  approaches to subdivide the krill catch limit for FAO Statistical
have been considering a precautionary EBFM approach for  Area 48 into Subareas (Hewitt and Watters, 1992), determining
Antarctic krill predators since its inception, including developing  areas of predator demand for krill as a means of determining areas
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FIGURE 3
Results of illustration of estimating baseline catch vector by randomising (10,000 trials) across uncertainty, using the input parameters in Table 2.
Boxplots showing the distributions across all trials of (A) local area risks in each of the eight illustrative local areas, (B) proportions of catch from each
local area under neutral fishing pressure, i.e., the proportion of the target species in a local area, (C) proportion of catch in the baseline catch vectors
calculated in each trial — red stars indicate the estimated catch vector for use as baseline, and (D) regional risk, as calculated using the risk vector in
each trial combined with the following catch vectors — Trials’ uses the respective catch vectors in each trial, ‘Baseline’ uses the estimated catch vector
indicated by the stars in (C), ‘Neutral uses the catch vector from proportions of the target species in each area derived using the mean abundances
from each area in Table 2, 'Preferred’ is the vector specified in Table 2.

where predators would be vulnerable to fishing for krill (Agnew
and Phegan, 1995), and, since 2001 (Constable, 2001; SC-CAMLR,
2001; Constable, 2002), considering spatial management strategies
and the use of spatially structured models to evaluate their ability
to manage the food web effects of fishing (Constable, 2004;
SC-CAMLR, 2004; Constable, 2005; Watters et al., 2013; Klein
et al, 2018). The primary management outcomes for conserving
krill predators in CCAMLR has been (i) allowing for escapement
of krill to provide for predators in the decision rule used to
establish catch limits for krill (Constable et al, 2000) in
Conservation Measure 51-01 (CCAMLR, 2021), (ii) establishing
in Conservation Measure 51-01 (CCAMLR, 2021) an interim
limit, known as the ‘trigger level, of 620,000 tonnes in Area 48 until
a means of subdividing the krill catch into smaller management
units has been determined (Constable, 2006), and (iii) subdividing
the krill trigger level amongst Statistical Subareas in Area 48 in
Conservation Measure 51-07 (CCAMLR, 2021). The latter was
established for the 2009 season because of concerns that the trigger
level might impact on krill predators if all the catch was
concentrated in a small area (SC-CAMLR, 2008a; Watters et al.,
2013, 2020). Of note in adopting this Conservation Measure, the
Commission reiterated its objectives for krill predators in the
preambular paragraphs that:
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o “the need to distribute the krill catch in Statistical Area 48 in such
a way that predator populations, particularly land-based predators,
would not be inadvertently and disproportionately affected by
fishing activity,”

“that large catches up to the trigger level from areas smaller than
Subareas should be avoided,” and

“that the distribution of the trigger level needs to provide for
flexibility in the location of fishing in order to (i) allow for
interannual variation in the distribution of krill aggregations, and
(ii) alleviate the potential for adverse impacts of the fishery in
coastal areas on land-based predators.”

Despite this work, there remains no accepted measures for
managing the food web effects of fishing at the scale of krill predator
populations in CCAMLR. In the absence of being able to set local area
catch limits based on local risks of ecosystem effects (Equations 1-5),
we use the vulnerability assessment (Equations 7-10) to illustrate how
to spread the risk of the krill trigger level. We derive data from
historical literature for CCAMLR Statistical Area 48 that has been
accepted for use in the Scientific Committee of the Commission for
the Conservation of Antarctic Marine Living Resources (Constable
et al., 2000; SC-CAMLR, 2006, 2008b, 2016a), and use these in
conjunction with updated estimates of krill distribution and
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abundance in the area (Krafft et al., 2021). Here, we step through the
implementation of the method and conclude with available outcomes
on risk based on these data.

3.1. Spatial and temporal scales for
assessing risk

Antarctic krill, Euphausia superba, is widely distributed in the
Southern Ocean (Marr, 1962; Mackintosh, 1972, 1973), with a number
of recent reviews describing the factors influencing its distribution,
dynamics and long-term change; 70% of the Antarctic krill stock is
concentrated between 0°W and 90°W (Area 48), with 87% of the stock
over deep oceanic water (>2000m) (Atkinson etal., 2019; Meyer et al,
2020; Johnston et al., 2022). Biomass estimates at this large geographic
scale are derived from three international multi-ship acoustic surveys,
undertaken during the summers of 1981 (Trathan et al., 1995), 2000
(Fielding et al., 2011) and 2019 (Krafft et al., 2021). Krafft et al. (2021)
reported that while variation in the distribution of krill may occur
between years, there is no evidence of a general regional decline in the
last 20 years. Smaller, regional acoustic surveys of krill biomass reflect
high levels of intra-and inter-annual variability in stock density and
biomass, but reveal no trend in abundance (Reiss et al., 2008; Reid
etal., 2010; Fielding et al., 2014; Trathan et al., 2022a). However, these
surveys do show differences in distribution and biomass between
summer and winter (Saunders et al., 2007; Reiss et al., 2017), including
with biomass occurring deeper vertically in the water column during
winter (Lascara et al., 1999).

The mesoscale distribution of krill is thought to be related to sea
ice, shelf bathymetry, and ocean currents, particularly the fronts in the
Antarctic Circumpolar Current (ACC) (Johnston et al., 2022) or
further south (Trathan et al., 2022a). Although there are no consistent
environmental relationships apparent across regions in space and time
(Silk et al., 2016), the ACC plays an important role in transporting
krill across the region, beginning in the west Antarctic Peninsula and
southern Weddell Sea (Hofmann and Murphy, 2004; Thorpe and
Murphy, 2022), indicating that the ‘stock’ of krill extends across the
south Atlantic, at least to CCAMLR Subareas 48.1, 48.2, 48.3, and 48 .4,
but probably more extensively.

Risks to predators occur at two main spatial scales within the
region of the stock. Land-based predators, such as seals and
penguins, operate at local scales near to their breeding colonies,
while pelagic predators, such as whales, fish and pack ice seals, are
distributed more across the region depending on their feeding
grounds (Bestley et al., 2020). Subareas are likely to be insufficient
to manage local scale risks. In 2002, the Scientific Committee of
CCAMLR determined small-scale management units (SSMUs) in
Area 48 to manage local-scale effects of krill fishing (Figure 4;
Constable and Nicol, 2002; SC-CAMLR, 2002; Hewitt et al., 2004b).
While it is 20 years since those SSMUs were cast and that it is time
for their review, they still form a suitable basis on which to consider
how to spread risk and conserve predators at their ecologically-
relevant scale.

The time-period for the application of a catch limit is the overall
temporal scale of the assessment, usually 1 year. For polar regions, there
is extreme seasonality giving rise to production occurring in spring and
summer and stasis or attrition in autumn and winter. This is exemplified
by many life histories. For example, whales and many seals migrate to
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the north of the Antarctic region in winter and many predators tied to
land in summer during the breeding season will forage more widely and
away from their colonies in winter (Bestley et al., 2020).

Individual krill live for a number of years, with a plausible
maximum age of around six-plus (Quetin and Ross, 2003). Somatic
growth is seasonal, with an increase in body size during spring and
summer with possible shrinkage over winter (Ikeda, 1985; Constable
and Kawaguchi, 2017). Observations suggest winter shrinkage is most
apparent in adult females but not males, based on the tracking of
modal size classes over seasons and sex-ratio patterns; other
explanatory factors, such as differential mortality, immigration and
emigration, do not explain the observed differences (Tarling and
Fielding, 2016). Growth rates are thought to be greater where primary
production is higher, but with limitations imposed by sea ice and sea
surface temperature (e.g., with elevated growth in spring around
South Georgia; Murphy et al., 2017).

The risks to krill and predators from krill fishing are therefore not
the same throughout the year. Here, we divide the year into two
seasons, summer and winter, to take account of this variation and
compare this to an assessment without considering season.

3.2. Neutral fishing pressure for krill

Neutral fishing pressure for krill was determined from the
proportion of biomass in each area. Densities of Antarctic krill were
derived from the results of two regional surveys in austral summer
of Area 48: 1999-2000 (Watkins et al., 2004; Hewitt et al., 2004a) and
2018-2019 (Krafit et al., 2021). The two surveys have been analysed
using the same stratification (Table 3a), with island strata (areas near
to the islands) in each of Subareas 48.1 (South Shetlands), 48.2
(South Orkney), 48.3 (South Georgia), 48.4 (South Sandwich), and
larger pelagic strata encompassing much of the remainder of
the Subareas.

Hewitt et al. (2004a) used the densities in the island strata to
represent densities in each of the neritic (non-pelagic) SSMUs. In their
paper, the pelagic SSMUs were given the densities of the pelagic strata
in the surveys. That approach for neritic SSMUs was used here, taken
as the mean density from across the two surveys in the relevant island
survey strata. The Antarctic Peninsula East SSMU was not surveyed
in either survey. The density in Antarctic Peninsula East was
approximated as the mean density of the Antarctic Peninsula stratum
from across the two surveys. In the South Orkneys, the island stratum
encompassed the neritic SSMUs of South Orkney Islands West and
North East. The South East SSMU had the mean density of the pelagic
stratum applied because of the substantial difference of this stratum
to the other neritic strata (Krafft et al., 2018).

In order to ensure the biomass in a Subarea was consistent with
estimates from the surveys, the biomass in the respective pelagic
SSMUs was calculated as the mean biomass in the Subarea from across
the two surveys less the summed biomass from the neritic SSMUs in
that Subarea, excluding the Antarctic Peninsula East SSMU. Note the
Scotia Sea stratum encompasses Subareas 48.2 and 48.3, which was
accounted for in this formulation.

The derived krill densities for each SSMU and the Subareas are
given in Table 3b (see also Figure 5), along with the spatial areas of
each, and the consequent biomass and proportion of the region-wide
stock found in each area.
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At present, there are no consistent estimates tracking biomass
within SSMUs from summer to winter. In order to partition the year
into two seasons, krill densities in winter were approximated from
applying constant mortality (M = 0.8 yr™') (Constable and de la Mare,
1996) giving an average biomass over winter months (May to October)
of approximately 0.84 of the average over the summer months
(November to April) (Constable, 2000). While this is only an
approximation in the absence of other data, we multiply the summer
estimates of density/biomass by 0.84 to reflect a difference in winter
density/biomass.

3.3. Vulnerabilities of krill

Risks to Antarctic krill from fishing relate to the importance of
areas as source areas for adults and recruitment areas for juveniles.

Advection is considered to play a central role in distributing krill
across Area 48 with the Antarctic Peninsula being an important
source area for krill that then move with the Antarctic Circumpolar
Current along the Scotia Arc to the east. Areas where juveniles recruit
follow this pattern. While early life stages may be present in most areas
where krill are found (Meyer et al., 2020), the population is dependent
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on successful recruitment, which occurs primarily in the Antarctic
Peninsula with advection from this Subarea to the other Subareas
(Reiss, 2016).

Spawning is episodic, with multiple spawning events within a year
(Quetin and Ross, 2003). Recruitment is episodic and regional, with
models showing that the seasonal location of sea ice is the main
limiting factor for successful larval recruitment (Thorpe et al., 2019).
Spawning in January leads to the greatest extent of viable larval
recruitment habitat, while later spawning in February, when sea ice is
at a minimum, generally provides insufficient time for larvae to reach
a viable developmental stage before the winter sea ice advances
(Thorpe et al., 2019).

Generally krill exist within different aggregation states, with
swarms, layers and individuals, but with the numbers and sizes of
swarms in an area changing across space and time. Smaller, more
widely dispersed swarms occur in summer, whilst larger, more
infrequent swarms occur in winter, with the patterns and seasonal
changes unlikely to be simply the consequence of oceanographic
circulation (Lascara et al., 1999). Other behavioural aspects of krill life
history also challenge our understanding; for example, it has been
observed, at least along the west Antarctic Peninsula, that the length
frequency distributions of krill collected by nets exhibits an
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TABLE 3 Derivation of densities of Antarctic krill for small-scale management units (SSMUs) in FAO Statistical Area 48 and consequent proportions of
the region-wide biomass in each SSMU for use in the risk assessment.

(a) Densities and biomass of Antarctic krill in strata estimated from surveys in FAO Statistical Area 48 in the austral
summers of 1999-2000 and 2018-2019, from Table 11 in

1999-2000 2018-2019

Density (tonnes. Krill biomass Density (tonnes. Krill biomass
Subarea Survey stratum km?) (million tonnes) km?) (million tonnes)

Antarctic Peninsula

48.1 (S-AP) 19.6 9.278 40.6 19.235
South Shetland Islands
(S-SShI) 136 6.615 68.3 3.325
48.2 & 48.3 Scotia Sea (S-SS) 315 34.928 28.5 31.585
South Orkney Islands
(S-SO1) 319.4 7.797 93.2 2.275
South Georgia (S-SG) 33.8 0.846 6.4 0.161

Eastern Scotia Sea

48.4 (S-ESS) 1.8 0.587 25 8.049
South Sandwich Islands
(S-SSal) 4 0.247 26.8 1.672
Total 60.298 66.302

(b) Krill densities and proportion of region-wide stock in SSMUs derived from the average density for the relevant
survey substratum in (a), as described in the text.

SSMU Name SSMU  Survey Area (km?) Summer Summer Proportion of
Stratum Density® Biomass® region-wide
(tonnes.km?)  (million tonnes) stock

Subarea 48.1 - South Shetland 656,452 31.91° 20.950 0.322
Pelagic Area APPA* S-AP 441,722 7.11 3.140 0.048
West APW S-SShI 37,219 102.15 3.802 0.058
Drake Passage West APDPW S-SShI 16,068 102.15 1.641 0.025
Drake Passage East APDPE S-SShI 16,680 102.15 1.704 0.026
Bransfield Strait West APBSW S-SShI 22,505 102.15 2.299 0.035
Bransfield Strait East APBSE S-SShI 28,317 102.15 2.893 0.044
Elephant Island APEI S-SShI 36,694 102.15 3.748 0.058
East APE S-AP 57,248 30.10 1.723 0.026
Subarea 48.2 - South Orkney 856,106 23.86° 20.428 0.314
Pelagic Area SOPA* S-8S 813,539 17.60 14.321 0.220
West SOW $-SOI 16,495 206.30 3.403 0.052
North East SONE S-SOI 10,897 206.30 2.248 0.035
South East SOSE S-SS 15,175 30.00 0.455 0.007
Subarea 48.3 - South Georgia 1,029,732 17.84° 18.368 0.282
Pelagic Area SGPA* S-8S 933,136 17.60 16.427 0.253
West SGW $-SGI 43,077 20.10 0.866 0.013
East SGE $-SGI 53,520 20.10 1.076 0.017
Subarea 48.4 - South Sandwich 944,681 5.59* 5.278 0.081
Pelagic Area SSPA* S-ESS 847,522 4.46 3.781 0.058
Islands SSI S-SSal 97,160 15.40 1.496 0.023
Total 65.023

*Pelagic SSMUs for which densities are adjusted to account for biomass allocated to neritic SSMUs from the respective larger Subarea-scale strata. Subarea Area and Biomass are the sums of
the SSMUs. “Densities calculated by dividing biomass by area. “Summer density and biomass are converted to winter density & biomass by multiplying by survivorship term of 0.84.
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FIGURE 5
Spatial characteristics of the Antarctic krill population used in the risk
assessment. (A) Densities of Antarctic krill (tonnes.km™2). (B) Median
annual proportion of Antarctic krill less than 35mm in length in the
population.

across-shelf pattern of larger (>40 mm) krill located offshore smaller
krill (<38 mm) in all seasons except winter. Such data, coupled with
historical observations suggest that there is a seasonal shift in the
primary habitat of krill and that changes in behaviour are an important
factor in krill distribution. Similar assortative length frequency
patterns are also evident within individual swarms, where differences
in size between adjacent swarms are probably due to a length-
dependent sorting mechanism that restricts the size range of krill in a
swarm (Watkins, 1986).

The geographic domain that encompasses the life cycle of krill is
unclear. However, deep water is thought to be a prerequisite for
successful spawning (Hofmann and Hiisrevoglu, 2003), as eggs need
at least 700 m water depth to fulfil their development before the larvae
rise again to the sea surface (Hofmann and Hiisrevoglu, 2003; Thorpe
etal, 2019). Temporal and spatial coherence in patterns of early life-
history stages are evident across the Atlantic sector (Perry et al., 2019);
however, mechanisms whereby adult life-history stages migrate back
onto the shelf after spawning (Siegel, 1988) remain uncertain,
particularly given regions of complex bathymetry and strong ocean
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currents. Transport in oceanographic currents has certainly been a
2012). Nevertheless,

understanding how krill behaviour, recruitment, and movement in

topic of much debate (Renner et al,
ocean currents interact remains elusive, but a key challenge for
understanding ecosystem functioning.

Resolving these issues will help increase understanding about the
potential for some areas to act as krill sources, or krill sinks. So far,
several studies have already begun to consider the complexity of krill
movement in relation to local oceanography within the southwest
Atlantic, and particularly along the west Antarctic Peninsula region.
For example, Capella et al. (1992) reported that the Bransfield Strait
and the South Shetland Islands receive krill larvae from the
Bellingshausen Sea to the west, the Weddell Sea to the east and from
north of the South Shetland Island arc (Figure 4; see also Trathan
etal,, 2022b). Subsequently, Pifiones et al. (2011, 2013a), calculated
residence times for biological hotspots using a Lagrangian model,
inferring that particle (=krill) retention was aided by certain physical
features, including proximity to deep depressions and shelter from
wider shelf circulation. Pifiones et al. (2013b) and Capella et al. (1992)
noted that off-shelf transport from the west Antarctic Peninsula
supports the hypothesis that spawning contributes to populations
downstream across the southwest Atlantic. Further, age-dependent
sea-ice associated behaviour may be important in the transport and
distribution of krill populations (Thorpe et al., 2007). Diel vertical
migration (DVM) over a 24 h period may also have implications for
krill availability. However, Pifiones et al. (2013b) noted that DVM
made little (< 10%) difference in the horizontal and vertical dispersion
of particles.

The relative importance of SSMUs for recruiting krill juveniles is
reflected by the proportion of the population in an area comprising
animals less than 35mm in length, the length being sufficient to
encompass animals in Year 1 (de la Mare, 1994). The U.S. AMLR
program provides a time series of length frequency data from regular
surveys in Subarea 48.1, data from which these proportions can
be derived." We use the surveys in early summer (January-February;
Leg 1) for the period 1996 to 2011 to calculate the proportion of the
population in their strata that comprise juveniles. The importance of
an SSMU as a recruitment area is determined as the median of the
time series of observations from the survey stratum in which the
SSMU resides (Table 4 and Figure 5). Juvenile krill have been observed
in the other Subareas but only sporadically (e.g., Krafft et al., 2018).
For this reason, we apply a recruitment value from the Antarctic
Peninsula Pelagic SSMU to the SSMUs of the other Subareas.

3.4. Vulnerabilities of krill predators

Risks to krill predators include the removal of krill from feeding
grounds and the potential disruption of krill availability to predators.
A broad guild of predators feed on krill (Croxall et al., 1985;
Trathan and Hill, 2016), made possible by its wide geographic
distribution and its various aggregation states. A corollary of this is

1 KRILLBASE
dd4956346439
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TABLE 4 Median annual proportion of Antarctic krill less than 35mm in
length in the population in Antarctic Peninsula SSMUs derived from time
series of length frequencies in survey strata from early summer by the US
AMLR program from 1996 to 2011.

US AMLR survey = Median proportion

stratum of krill juveniles in
population
APPA 3 0.22%
APW # 0.58
APDPW 2 0.46
APDPE 2 0.46
APBSW 1 0.58
APBSE 1 0.58
APEI 2 0.46
APE 4 0.39

*Indicates value used for SSMUs in Subareas 48.2, 48.3, and 48.4. #Indicates the SSMU
further west than the annual survey but takes account of the result of Conroy et al. (2020)
and adopts the value from the Bransfield Strait stratum.

that krill swarm structure is also thought to be a fundamental response
for avoiding predation, whilst krill themselves continue to mate,
spawn and feed (Tarling and Fielding, 2016). The dominance of
smaller krill swarms in summer along the west Antarctic Peninsula
(Lascara et al., 1999) coincides with the feeding activity of numerous
central-place foraging seabirds and seals provisioning offspring. The
reduction in this concentrated foraging pressure after these land-
based predators complete breeding also coincides with the emergence
of larger krill swarms in autumn and winter (Lascara et al., 1999). As
such, the interplay between predators and krill may be important,
even though the actions of individual predators might be relatively
minor, the cumulative impacts of many predators may generate
significant effects on local prey aggregation states. In this context, the
recovery of baleen whales after historical over-exploitation might now
have implications for krill aggregation states, given baleen whales feed
in differing ways to those of penguins and seals.

Further, there is now also growing recognition that the demands
made by land-based predators are likely to be eclipsed by other taxa
(Hill et al., 2007; Warwick-Evans et al., 2022). Currently, a number of
humpback whale stocks are thought to be close to pre-exploitation
levels (Cooke, 2018c¢), yet other baleen whale species remain well
below historical numbers (Cooke, 2018a; Cooke, 2018b). As these also
recover, competitive effects are likely to change as species endeavour
to re-occupy their historical niches, although whether such niches
now remain the same is uncertain, given ecological change (Nicol
etal,, 2010; Atkinson et al., 2019; Constable et al., 2022). Certainly, in
recent years, some penguin species have shown shifts in population
abundance, the causes of which have been attributed to climate, but
which may equally be (at least partially) a result of changes in inter-
specific competition for krill (Ainley et al., 2007; Trivelpiece et al.,
2011). Determining how predator dominance changes as baleen
whales recover, will be a key topic for future research.

Central-place foraging predators are constrained by the need to
provision offspring during the summer breeding season (Figure 6).
However, other predators considered to have an ideal-free distribution
(Fauchald, 2009), such as baleen whales, fish and squid are not so
constrained and so are more likely to track shifting prey resources.
Outside the breeding season, central-place foragers are also no longer
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constrained and may go to regions with more abundant or predictable
prey resources. This means that there are distinct spatial patterns of
consumption which are predictable within and between years (Trathan
et al, 1998; Warwick-Evans et al,, 2018, 2019). However, in addition
to apparent spatial differences in consumption, all krill-dependent
predators also show temporal patterns of consumption across the
annual cycle. For example, macaroni penguins, Eudyptes chrysolophus,
show different profiles of demand during the year compared with
Antarctic fur seals, Arctocephalus gazella, (Boyd, 2002), whilst within
a given species, different demographic categories can show subtly
different annual profiles across the year (e.g., Adélie penguins,
Pygoscelis adeliae — Southwell et al., 2015). Baleen whales may also
have different periods of feeding intensity, with particularly
hyperphagic periods when they first return to their summer feeding
grounds (Baines et al., 2022).

While clear examples exist of spatial overlap between the fishery
and various predators (Trathan et al., 2018; Warwick-Evans et al.,
2018; Trathan et al., 2022b), there is no evidence as yet on the potential
for fishing to interfere with the local availability of krill to predators.
Predators have a variety of feeding behaviours, probably arising from
the variable aggregation states of krill. Some predator species may feed
off individual krill, some skim, whilst some lunge and require krill
swarms to feed efficiently. Removal of krill by fishing vessels, or
disturbance so that swarm-structure is disrupted into a different
aggregation state may displace predators from preferred predictable
areas. However, to date little work has been undertaken to assess
predator (or fishery) krill aggregation preferences, but the fact that
vessels periodically move (SC-CAMLR, 2016b Annex 6, paragraphs
2.215 to 2.221; Santa Cruz et al., 2018) suggests that the potential
exists for disturbance competition.

3.4.1. Spatial distribution of krill predation

Predator demand for krill is a product of the abundance of a
population (colony) and the per capita consumption of the population.
The distribution of predator demand for a population will vary
between times of year and between years, particularly for species tied
to colonies during breeding, and will depend on the foraging
behaviour of the species.

The average annual density (tonnes.km?) of predator demand for
krill in small areas was developed from Hill et al. (2007), given the
publication of the per annum estimates of summer demand by
SC-CAMLR (2011); see Annex 4, Table 3. The winter and summer
demand was estimated for all predators combined (fish, whales, fur
seals and penguins) in each small-scale management unit according
to the parameters and calculations of Hill et al. (2007). Krill-eating fish
included in those calculations were nototheniid and channichthyid
species in the on-shelf areas and myctophid species in off-shelf areas.
Hill et al. (2007) provide the details of these calculations. Table 5a
gives the population size of fish, whales, penguins and fur seals in each
SSMU along with per capita consumption of krill (g) in each SSMU
for summer and winter.

The data to calculate predator demand for the SSMUs in
Subarea 48.4 were not available except as provided by Trathan et al.
(2008) for the numbers of penguins. Trathan et al. (2008) provide a
census of fur seal pups, showing only a low abundance of seals on
the islands. Without an estimate of abundance of adults, the
population of seals was assumed to be zero. For the purposes of
developing this example of the risk assessment, we approximated
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FIGURE 6

The location of foraging dives made by chinstrap penguins, Pygoscelis antarctica, breeding on the South Orkney Islands during (A) incubation,

(B) brood, and (C) creche based on telemetry data (from Warwick-Evans et al.,, 2018), axes are shown with units of km (see Figure 4 for location).
Colours represent different sites/years: Powell Island (pale blue), Monroe Island (purple), Laurie Island (green), Signy Island 2013 (orange), and Signy
Island 2015 (blue). The 500m isobath, representing the shelf-edge, is indicated in red.

the abundance of whales and fish using proxy methods. The
densities of mesopelagic fish and the general attributes of the ocean
environment are of similar characteristics between Subarea 48.2
and the area around the South Sandwich Islands (Dornan et al.,
2022). We therefore applied the same density of fish and whales in
the pelagic and north east SSMUs in Subarea 48.2, along with the
consumption rates, to the pelagic and island SSMUs, respectively,
in Subarea 48.4. For penguins, we applied the consumption rates
from the north east SSMU in Subarea 48.2.

Annual krill consumption by pack ice seals in the SSMUs of Area
48 are available in Forcada et al. (2012) (Table 5b). These are included
in the calculations of total predator demand by allocating 60% to
summer and 40% to winter, following the partition of demand by fur
seals between summer and winter.

These calculations do not include the consumption of krill by
flying seabirds. Warwick-Evans et al. (2022) show that flying seabirds
consume ~2% during summer around the Antarctic Peninsula.
Methods for including flying seabirds in future calculations will
be important as predator demand is currently underestimated.

3.4.2. Risks

For Antarctic krill predators, fishing will have the highest risk in
areas where there is naturally greater pressure for krill. Predation
pressure is the ratio of the predator demand density for krill and the
available krill density in an area, i.e., an indicator of the potential for
competition amongst predators. Areas with higher predation pressure
would be expected to be more vulnerable to the effects of fishing than
areas with lower pressure. Here, we evaluate predation pressure for
land-based predators and other predators that are more likely to forage
according to an ‘ideal-free’ distribution. Data in Tables 3b, 5 are used
to calculate predation pressure in each SSMU (Table 6 and Figure 7).
Note that winter predation pressure is based on summer krill densities
adjusted for expected survivorship after 6 months (Table 3b). The
annual predation pressure is an average of the summer and
winter pressures.
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3.5. Baseline catch distribution and
region-wide risk

Baseline Alphas as proportions of the catch limit and the
consequent baseline region-wide risks were calculated for two
examples: local catches distributed across the SSMUs (i) for the whole
year, and (ii) for when the fishery is separated into summer and
winter. These examples applied Equations 6-8. The examples
developed here are provided in an Excel spreadsheet in Supplementary
Material Table 2.

The local risks, R, ;, arising from applying Equation 7 are
presented in Table 6 for the two examples, along with the data on the
three vulnerabilities — krill recruits, and predation pressure for each
of land-based predators and ‘ideal free’ foragers. Krill recruits
remained unscaled. Predation pressure was scaled between 0 and 1
using the logistic function in Equation 3 (h =3; v =3; X5, =0.5; X, =05
X, =4;Y,=0; Y, =1,illustrated as the black line in Figure 1).

The neutral fishing pressure, F;, ;, used for calculating the baseline
alpha levels, a4, (Equation 8) is the proportion of the region-wide
stock in each SSMU shown in Table 3b. The Baseline Alphas for the
two examples are presented in Table 7.

The local risks and baseline alphas for the whole year example and
for the summer-winter examples are illustrated in Figure 8. The
baseline regional risk (Equation 9) for the whole year assessment was
0.559 (Table 7).

3.6. The krill fishery and managing
preferred fishing patterns

The vast majority of the krill stock occurs in deep oceanic water
but is unpredictable in location and often at low density in this habitat
(Figure 5). Therefore, over time, the fishery has coalesced into areas
where krill are more predictable and at levels of abundance that are
desirable to fishery operators. These areas tend to be over shallower

frontiersin.org


https://doi.org/10.3389/fevo.2023.1043800
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Constable et al.

TABLE 5 Data for calculating predator demand for krill.

(@) Abundance (numbers) and per capita demand for krill (g) for fish, whales, penguins and fur seals, from

10.3389/fevo.2023.1043800

Number Per capita Krill (g) Number Per capita Krill (g)
Summer Winter Summer Winter
Fish Whales
APPA 8.403E+09 897 125 9,233 54,942,525 0
APW 8.344E+08 1,558 310 767 54,942,525 0
APDPW 3.019E+08 1,325 227 330 54,942,525 0
APDPE 3.220E+08 1,384 245 341 54,942,525 0
APBSW 4.389E+08 1,405 252 460 54,942,525 0
APBSE 5.747E+08 1,407 253 600 54,942,525 0
APEI 6.797E+08 992 144 773 54,942,525 0
APE 1.553E+09 1,628 342 1,284 54,942,525 0
SOPA 6.906E+10 140 24 6,808 60,444,604 0
SOW 3.201E+08 827 112 131 60,444,604 0
SONE 1.969E+08 1,035 153 86 60,444,604 0
SOSE 3.893E+08 1,616 336 126 60,444,604 0
SGPA 2.488E+11 43 16 7,737 60,444,604 0
SGW 1.141E+09 659 176 354 60,444,604 0
SGE 1.478E+09 631 165 452 60,444,604 0
SSPA 7.233E+107 1407 24 7,130% 60,444,604 0
SSI 1.866E+06° 1,035% 153% 815° 60,444,604 0
Penguins Seals
APPA 0 0 0 0 0 0
APW 253,873 311,307 221,278 0 0 0
APDPW 74,798 255,235 205,329 12,204 1,613,386 1,039,700
APDPE 1,084,367 251,591 206,643 211 1,613,386 1,039,700
APBSW 1,160,224 251,988 206,499 0 0 0
APBSE 298,817 314,812 223,652 0 0 0
APEI 1,413,511 251,228 206,775 1,002 1,613,386 1,039,700
APE 823,403 366,713 243,211 0 0 0
SOPA 0 0 0 0 0 0
SOW 2,286 251,065 206,833 0 0 0
SONE 584,507 364,280 242,398 0 0 0
SOSE 1,003,958 273,603 213,599 0 0 0
SGPA 0 0 0 0 0 0
SGW 6,642,811 227,304 225,304 611,054 1,613,386 1,039,700
SGE 564,496 246,586 215,006 6,090 1,613,386 1,039,700
SSPA 0 0 0 0 0 0
SSI 3,394,200" 364,280 242,398 0' 0 0

(b) Annual predator demand for krill (tonnes) in SSMUs for pack ice seals (

APPA

59E3

APW

154E3

APDPW

113E3

Number prorated from SONE (#) or SOPA (##) and per capita krill consumption assumed from SONE (*) or SOPA (**) (see text for details). '"From Trathan et al. (2008)—see text for details.
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TABLE 6 Vulnerabilities (krill recruitment and predation pressures) and consequent local area risk in each SSMU for a ‘whole year’ assessment and an
assessment with seasons — summer (S) and winter (W).

Krill recruits Predation pressure land- Predation pressure ‘Ideal Local risk
based foragers free foragers’
W Year W Year W
APPA 0.22 0 0 0 257 0.41 1.49 0.999 0.559 0.970
APW 0.58 0.02 0.02 0.02 037 0.11 0.24 0.756 0.633 0.695
APDPW 0.46 0.02 0.02 0.02 0.26 0.05 0.15 0.619 0.500 0.560
APDPE 0.46 0.16 0.16 0.16 027 0.06 0.16 0.686 0.578 0.632
APBSW 0.58 0.13 0.12 0.13 0.28 0.06 0.17 0.748 0.659 0.704
APBSE 0.58 0.03 0.03 0.03 031 0.08 0.20 0.732 0.627 0.680
APEI 0.46 0.10 0.09 0.09 0.19 0.03 0.11 0.616 0.531 0.573
APE 0.39 0.18 0.14 0.16 1.51 037 0.94 0.982 0.686 0911
SOPA 0.22 0 0 0 0.70 0.14 0.42 0.758 0.337 0.569
SOW 0.22 0 0 0 0.08 0.01 0.05 0.288 0.231 0.259
SONE 0.22 0.10 0.08 0.09 0.09 0.02 0.05 0370 0.295 0.333
SOSE 0.22 0.60 0.56 0.58 1.40 0.34 0.87 0.985 0.792 0.934
SGPA 0.22 0 0 0 0.68 0.29 0.48 0.744 0.464 0.617
SGW 0.22 2.88 2.93 291 0.89 0.28 0.59 1.000 1.000 1.000
SGE 0.22 0.14 0.14 0.14 0.89 027 0.58 0.869 0.533 0.732
SSPA 0.22 0 0 0 2.79 0.55 1.67 0.999 0.661 0.982
SSI 0.22 0.83 0.66 0.74 1.32 023 0.78 0.989 0.796 0.941

TABLE 7 Baseline Alpha (proportion of total catch limit) for each SSMU for a ‘whole year’ assessment and an assessment with seasons — summer (S) and
winter (W).

Baseline Alpha Fishing pattern
W Year Neutral Adjusted Desirable Adjusted

APPA 0.000 0.026 0.004 0.048 0.040 0 0
APW 0.021 0.026 0.051 0.058 0.035 0 0
APDPW 0.014 0.015 0.032 0.025 0.012 0.111 0.102
APDPE 0.012 0.014 0.027 0.026 0.014 0.111 0.102
APBSW 0.013 0.015 0.030 0.035 0.021 0.111 0.102
APBSE 0.017 0.020 0.040 0.044 0.026 0.111 0.102
APEI 0.032 0.033 0.070 0.058 0.029 0.111 0.102
APE 0.001 0.010 0.007 0.026 0.021 0 0
SOPA 0.078 0.179 0.269 0.220 0.108 0 0
SOW 0.055 0.049 0.110 0.052 0.012 0.111 0.102
SONE 0.032 0.030 0.065 0.035 0.010 0.111 0.102
SOSE 0.000 0.002 0.001 0.007 0.006 0 0
SGPA 0.094 0.166 0.275 0.253 0.134 0 0
SGW 0.000 0.000 0.000 0.013 0.011 0.111 0.102
SGE 0.003 0.009 0.013 0.017 0.010 0.111 0.102
SSPA 0.000 0.024 0.003 0.058 0.049 0 0
SSI 0.000 0.006 0.004 0.023 0.019 0 0
Regional risk 0.559 0.648 0.608
Proportion of catch limit to reduce regional 0.862 0.919
risk to baseline of 0.491

Note that the seasonal assessment is for both summer and winter over the year and that the sum of the alphas for summer and winter combined will equal 1.0. For the whole year assessment,
two alternative fishing patterns are analysed - (i) the consequences of applying the neutral fishing pattern as a preferred pattern, and (ii) a possible pattern desirable to the fishing industry. In
both latter cases, the adjusted proportions to keep the regional risk at the baseline level are also shown.

Frontiers in Ecology and Evolution 15 frontiersin.org


https://doi.org/10.3389/fevo.2023.1043800
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Constable et al.

10.3389/fevo.2023.1043800

Summer

Land-based

‘|deal free’

FIGURE 7

Winter

60
50
40
30

tonnes.km-2

20

10

Demand density for Antarctic krill (tonnes.km=2) in summer and winter, aggregated for land-based predators and predators that are likely to
concentrate foraging in areas of higher densities of krill, termed ‘ideal-free’ foragers.

shelf waters, or at the shelf edge, such that the fishery now generally
operates close to island archipelagos within the southwest Atlantic
(Santa Cruz et al., 2018). Recent studies have highlighted the potential
for the krill fleet to locally deplete levels of krill (or disturb the swarm
structure) such that vessels relocate, with catch rates per hour in
fishing hotspots gradually declining over four or 5days (SC-CAMLR,
2016b Annex 6, paragraphs 2.215 to 2.221). Such a result highlights
the potential for the fishery to compete with predators. At these scales
of operation, managers need to understand the critical levels of krill
density preferred by different predators, and the time taken for an area
to recover to a given density level after depletion (Trathan etal., 2022b).

We illustrate how to manage preferred fishing patterns if the baseline
alphas do not seem satisfactory. First, we examine the unweighted fishing
pattern of neutral fishing pressure based on krill densities might
be managed. Table 7 shows how the regional risk (Equation 9) is increased
10 0.648, greater than the baseline risk of 0.559. The proportion of catches
in each SSMU need to be adjusted downward by 0.138 in order to retain
the regional risk at the baseline level. The second scenario was for a pattern
with a desirability of the fishery to operate around the Antarctic Peninsula
and adjacent to islands. In this case, we set equal catches to be taken from
the SSMUs near to land (Table 7). The consequent regional risk is 0.608,
requiring an adjustment of catches downwards by 0.081 to satisfy the
baseline risk.

4. Concluding remarks

The risk assessment procedure presented here provides a method
for combining risks to conservation from fisheries into a single metric
and to use this to identify areas of higher overall risk. The procedure
then has mechanisms to spread the fishery away from higher risk areas,

Frontiers in Ecology and Evolution

to adjust catch limits to reduce risks if the fishery cannot avoid such
areas, and to also allow for closed areas to help compensate for higher
risks in other areas. It also includes the rationale for how adjustments to
fishing patterns can be implemented to appropriately spread risks
arising from fisheries when a full risk assessment is not possible.
We used the Antarctic krill fishery as a case study but this framework
can be readily applied to other fisheries. The method allows for the
seamless inclusion of new data when they become available, but can
be implemented with existing data. A further feature of this method is
that the risk of impacts can be assessed for individual areas of interest
based on more detailed information for that area whilst including it in
a wider assessment across many areas, thereby enabling broader
ecological considerations to be incorporated. In conclusion, spatial
ecosystem-based management strategies for fisheries can proceed from
the outset of a fishery using suitable proxies for ecosystem vulnerabilities
within a risk framework.
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