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Abstract. Decision-makers charged with implementing ecosystem-based management
(EBM) rely on scientists to predict the consequences of decisions relating to multiple,
potentially conflicting, objectives. Such predictions are inherently uncertain, and this can be a
barrier to decision-making. The Convention on the Conservation of Antarctic Marine Living
Resources requires managers of Southern Ocean fisheries to sustain the productivity of target
stocks, the health and resilience of the ecosystem, and the performance of the fisheries
themselves. The managers of the Antarctic krill fishery in the Scotia Sea and southern Drake
Passage have requested advice on candidate management measures consisting of a regional
catch limit and options for subdividing this among smaller areas. We developed a spatially
resolved model that simulates krill-predator—fishery interactions and reproduces a plausible
representation of past dynamics. We worked with experts and stakeholders to identify (1) key
uncertainties affecting our ability to predict ecosystem state; (2) illustrative reference points
that represent the management objectives; and (3) a clear and simple way of conveying our
results to decision-makers. We developed four scenarios that bracket the key uncertainties and
evaluated candidate management measures in each of these scenarios using multiple stochastic
simulations. The model emphasizes uncertainty and simulates multiple ecosystem components
relating to diverse objectives. We summarize the potentially complex results as estimates of the
risk that each illustrative objective will not be achieved (i.e., of the state being outside the
range specified by the reference point). This approach allows direct comparisons between
objectives. It also demonstrates that a candid appraisal of uncertainty, in the form of risk
estimates, can be an aid, rather than a barrier, to understanding and using ecosystem model
predictions. Management measures that reduce coastal fishing, relative to oceanic fishing,
apparently reduce risks to both the fishery and the ecosystem. However, alternative reference
points could alter the perceived risks, so further stakeholder involvement is needed to identify
risk metrics that appropriately represent their objectives.
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INTRODUCTION

Ecosystem-based management (EBM) aims to main-
tain productive, healthy, and resilient ecosystems and
thereby secure the services that humans want and need
(McLeod and Leslie 2009, Link 2010). Decision-makers
must meet multiple and potentially conflicting objectives
despite substantial uncertainties about how ecosystems
function. Although there is widespread support for
developing ecosystem models to facilitate EBM of
marine resources (e.g., Hill et al. 2007h, Plaganyi 2007,
Rose et al. 2010, Link et al. 2012, Plaganyi et al. 2012),
there are few examples of the practical application of
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ecosystem models to address everyday management
issues (Plaganyi et al. 2012). Predictions based on
ecosystem models are highly uncertain, and this is one
of the main perceived barriers to their use (Link 2010,
Link et al. 2012).

Management of the fishery for Antarctic krill
(Euphausia superba Dana) in the Scotia Sea and
southern Drake Passage (which, following Plaganyi
and Butterworth [2012], we subsequently refer to as
the Scotia Sea) illustrates the challenges associated with
EBM. The Convention on the Conservation of Antarctic
Marine Living Resources (hereafter referred to as the
Convention) specifies the management principles for this
fishery. Although the Convention predates modern
definitions of EBM it stipulates three principles of
conservation that map directly onto the concepts of
ecosystem productivity, health, and resilience (Miller
and Agnew 2000, McLeod and Leslie 2009). The
Convention also articulates a commitment to “rational
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use,” which is generally interpreted as “sustainable
fishing” (Miller 2011, Hill 2013) but does not explicitly
exclude non-fisheries uses.

Predator—prey interactions are a central issue in the
management of the krill fishery, and EBM in general
(Miller and Agnew 2000, Link 2010). Antarctic krill is
the main prey of various whales, seals, penguins, and
fishes (Everson 2000, Hill et al. 2012). The Scotia Sea
krill fishery takes most of its catch from areas
overlapping the restricted foraging ranges of seals and
penguins that breed and rear their offspring on land; and
the ranges of demersal fishes that inhabit the continental
shelf (Everson 2000). The Commission for the Conser-
vation of Antarctic Marine Living Resources
(CCAMLR), which manages the fishery, has set a
regional catch limit (known within the CCAMLR as
the precautionary catch limit) for Antarctic krill of 5.61
million metric tons. This catch limit is based on a
synoptic estimate of krill biomass (60.3 million metric
tons during January 2000) within an area of approxi-
mately 3.7 million square kilometers and is intended to
reserve a significant proportion of krill production for
predators (Constable 2011, Hill 2013). There are
concerns that a regional limit is not sufficient to prevent
spatially localized, indirect impacts on krill predators
(Miller and Agnew 2000, Constable 2011). The
CCAMLR has therefore imposed a lower, interim catch
limit of 620000 metric tons (known as the trigger level)
until the regional limit is subdivided among smaller
management areas (Miller and Agnew 2000).

Hewitt et al. (2004b) proposed five catch allocation
options for dividing the regional catch limit among 15
small-scale management units (SSMUs) that cover the
part of the Scotia Sea where most krill fishing has
occurred. Twelve coastal SSMUs delineate areas of
potentially high summer land-based predator foraging
activity and the remaining area is divided into three
much larger oceanic SSMUs on the basis of existing
FAOQO statistical subareas. The CCAMLR requested a
scientific evaluation of these catch allocation options
(SC-CAMLR 2004). Subsequently, the CCAMLR’s
scientific working groups identified several key uncer-
tainties about the processes that affect the ecosystem
response to fishing (WG-EMM 2005, 2006, WG-SAM
2007). These uncertainties include the movement of krill
between areas (Miller and Agnew 2000, Hill et al. 20074)
and the sensitivities of predator reproduction to
variations in krill abundance (WG-EMM 2005, 2006).
Various authors (e.g., Ludwig et al. 1993) have
recommended that, in the face of such uncertainty,
decision-makers and scientists should identify robust
strategies to achieve management objectives over the
range of plausible and likely conditions that define an
ecosystem’s dynamics. Model simulations over this
plausible range of conditions can help to evaluate
management measures and identify those that are
appropriate to implement (Hill et al. 2007b, Punt and
Donovan 2007, Rademeyer et al. 2007). Hill et al.
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(2007h) recommended parameterizing simulation mod-
els to represent plausible limits on key uncertainties
about processes that govern ecosystem structure and
function.

We use a novel, spatially resolved, stochastic prey—
predator—fishery model to simulate ecosystem dynamics
in the Scotia Sea and evaluate management measures
that each consist of an allowable catch for Antarctic krill
and a catch allocation option. We present a reference set
of four scenarios (sensu Rademeyer et al. 2007) that
brackets key uncertainties. Each scenario includes
parameters obtained from the literature, parameters
specifying the particular limits on key uncertainties
represented by that scenario, parameters that were
estimated to set initial conditions (for 1970), and
parameters that were estimated through conditioning
the model (sensu Rademeyer et al. 2007) on a plausible
representation of recent (1970-2007) dynamics in the
Scotia Sea that was developed by an expert group (WG-
SAM 2007, Hill et al. 2008). We present our results as
estimates of the risk that the CCAMLR will fail to meet
representative management objectives if it implements a
given management measure. Our aim is to demonstrate
that ecosystem models can be used to provide decision-
makers with intelligible and useful advice on multiple
objectives, and that a candid appraisal of uncertainty
can be an aid, rather than a barrier, to progress. Our
modeling approach is particularly relevant to the
management of fisheries that target forage species, such
as herring and anchovy, which occupy middle trophic
levels and are a major food source for diverse predators
(Pikitch et al. 2012).

METHODS
The model

Appendix A provides a detailed description of the
model, which was developed in R 2.5.0 (R Development
Core Team 2006) and is freely available online as an R
package (we used the version Foosa 0.0).° It is a
minimum realistic model (sensu Punt and Butterworth
1995, Plaganyi et al. 2012) that characterizes a limited
set of processes and interactions of direct relevance to a
focal question about how the dynamics of a forage
species and its predators respond to spatial and
temporal patterns of fishing. The model can represent
multiple hypotheses about predator—prey—fishery inter-
actions as its spatial and temporal structure, and its
representation of the prey, predators, and fishery can be
controlled through parameterization. It can also be used
to perform multiple stochastic simulations.

The model uses delay-difference equations to describe
the abundance dynamics of one prey group and up to
four predator groups in each of its spatial areas. All
modeled predators feed on the prey in competition with
each other and the fishery. Prey abundance within each

5 http://swfsc.noaa.gov/aerd-kpfm
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area is determined by recruitment; predation, fishing,
and residual mortality; and net prey movement between
areas. Potential prey consumption by each predator
group in each area depends on predator abundance, the
maximum per-capita demand for prey, and the propor-
tion of foraging effort that the predator group spends in
the area. Potential fishery catches in each area are
determined by a management measure consisting of an
allowable catch for all areas combined (itself the product
of a harvest rate and a synoptic estimate of biomass) and
a catch allocation option that subdivides the allowable
catch among areas. If potential consumption and
potential catch together exceed prey abundance, their
realized values are less than their potentials. The area-
specific ratios of realized consumption to potential
consumption and of realized catch to potential catch
are determined by the per-capita functional responses of
predators to changes in prey density, and the relative
competitive abilities of the predators and the fishery.
The ratios of realized consumption to potential con-
sumption determine the subsequent recruitment and
survival of predators.

The model can also include multiple boundary areas
in which predators may forage. It is possible to specify
time-series of prey abundance in these boundary areas,
primarily to control prey import into other model areas.

Implementation

We implemented the model to represent Antarctic
krill, its predators and fishery in the Scotia Sea. This
implementation was developed within the CCAMLR’s
scientific working groups in consultation with the fishing
industry, conservation NGOs, the Scientific Committee,
and the Commission itself. The interactions between
these groups are illustrated in Hill (2013). This
community identified key uncertainties about ecosystem
operation, which concerned krill movement between
areas and the response of krill predators to variations in
prey availability (WG-EMM 2005, 2006, WG-SAM
2007). The community also developed a plausible
representation of past dynamics for the period 1970—
2006 and required the model to be capable of
reproducing these dynamics (WG-SAM 2007, SC-
CAMLR 2007, Hill et al. 2008).

The spatial structure of the implemented model
included the 15 SSMUs defined by Hewitt et al.
(2004b), and three boundary areas that roughly corre-
spond to the Bellingshausen Sea, Weddell Sea, and
northern Drake Passage (Fig. 1). We used these
boundary areas to model a source for krill that was
imported into the SSMUs in our movement scenarios,
and on which mobile predators could forage. We did not
include any information about boundary areas in our
calculations of catch allocation options or risk metrics.
We modeled krill and fish in all 15 SSMUs, penguins
(see Plate 1) in 12, seals in 5, and whales in 2 (Hill et al.
2007a). We used two time steps per year to represent the
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six-month periods starting on 1 October (summer) and 1
April (winter).

We simulated the potential ecosystem responses to a
range of management measures, specifically to compare
catch allocation options. These simulations nominally
represented a 20-year period of fishing beginning in
2007, followed by 20 years without fishing. The overall
process for generating the results, which is detailed in the
rest of this section, was as follows:

1) Develop four input parameterizations representing
the ecosystem state in 1970, where the differences
between parameterizations bracket the key uncer-
tainties.

2) Select an input parameterization.

3) Adjust krill recruitment parameters so that krill

gains balance krill losses in each SSMU to achieve

equilibrium conditions in the initial year (1970).

Condition the model on the plausible past dynamics

(1970-2006); adjust selected predator parameters to

minimize deviations between modeled predator

abundance and the plausible estimates. This pro-
duces a reference set of four alternative scenarios.

5) Select a scenario from the reference set.

6) Simulate the period 1970-2006 without fishing and
without stochastic variability to predict the initial
abundances of krill and predators in 2007.

7) Select a management measure.

8) Multiply the state variables that determine SSMU-
specific catch limits by random errors.

9) Simulate the period 2007-2026 with the manage-
ment measure selected in step 7 and the period
2027-2046 with no fishing, and save the results.

10) Repeat Steps 8 and 9 for 1001 trials that include
random variations in krill recruitment to SSMUs
and krill abundance in the boundary areas. Use the
same random number sequence during each itera-
tion of this step.

11) Restart from step 5 or 7 as necessary to simulate all
required combinations of scenario and management
measure (4 scenarios X 4 catch allocation options X
up to 23 allowable catches, and no fishing: see
Appendix C: Table C1).

12) Compute risk metrics from the simulation results.
Risk metrics are based on comparisons with
reference points that, in the case of krill predators,
are derived from no-fishing simulations.

4

~

Input parameters

Appendix B gives full details of the input parameter-
izations and the final reference set of alternative
scenarios. We derived the majority of the parameters
from published data (summarized in Hill et al. 20074),
and our approach of bracketing key uncertainties
evaluates the consequences of some of the main
assumptions made when suitable data were unavailable.
We developed this approach and all assumptions in
consultation with a community of stakeholders and



June 2013 KRILL ECOSYSTEM DYNAMICS MODEL 713
1 1 ) )
50°S |- E
Subarea 48.3
) o [
Q4 s, \ L
B % 15
55°S |- - e X -
r 3
; Subarea 48.2
( ‘b Boundary area 2 D

I
60°S [~ - > -

Subarea 48.1 9

Boundary ra
area 1
65°S |- -
1 1 1
50° W 40° W 30°W
Fic. 1. Spatial structure of our model, including numbered small-scale management units (SSMUs) and boundary areas. We

did not model the part of SSMU 1 south of 66° S (heavy dashed line). Circles indicate summer movement of krill between
neighboring areas in our movement scenarios: black sectors indicate the areas receiving the dominant flow, gray sectors indicate
areas receiving the minor flow, and white sectors and absent circles indicate no inflow.

experts. This gives us some confidence that we have
identified and appropriately bracketed important uncer-
tainties. We make clear our additional assumptions to
facilitate further investigation of their implications.

Natural mortality estimates for Antarctic krill are
notoriously variable and difficult to separate into
component processes (Siegel and Nicol 2000). We made
the parsimonious assumption that krill mortality is
entirely due to the explicitly modeled processes of
predation and fishing. Krill density estimates were based
on the results of a synoptic biomass survey conducted in
2000 (Hewitt et al. 2004a; updated by Fielding et al.
2011). The plausible past dynamics (Hill et al. 2008)
imply that densities in 1970 were double those in 2000.
Krill density and catches are usually reported in terms of
wet mass, which we converted to abundance, the
modeled state variable, using the mean mass of an
individual krill, 0.46 g (Hill et al. 2007a).

We used parameterizations representing maximum
movement and no movement to model the plausible
limits on uncertainty about krill movement between
areas. We derived movement parameters for the
(maximum) movement case from passive particle trans-
port rates implied by the Ocean Circulation Climate

Advanced Modeling Project global circulation model
(Coward and de Cuevas 2005) and reported by Hill et al.
(2007a). In the contrasting no-movement case we set all
movement parameters to zero.

The limited, localized information that is available
suggests that krill recruitment is largely independent of
stock size (Siegel 2005). We parameterized the asymp-
totic stock-recruit relationship in each SSMU to reach
the asymptote at a very low fraction (<1%) of mean
stock size. The final stock-recruit parameters were
established in step 3 to ensure that krill gains (through
recruitment and import) balanced krill losses (through
predation and export) in 1970. In the movement case,
krill recruitment in each SSMU and the mean
abundance of krill in each boundary area were set
jointly to achieve balance in each SSMU. In the no
movement case, it was only necessary to adjust krill
recruitment. These adjustments also achieved equilib-
rium across the whole suite of SSMUSs. Local recruit-
ment of krill is thought to be near zero in SSMUs 13-15
(Atkinson et al. 2001). In the movement case, we
balanced the losses from these SSMUs with imports
from other areas. However, in the no movement case
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local recruitment was necessary to balance predation
losses.

Each modeled predator group other than seals
represented a multi-species taxon, and the species
composition within each varied between SSMUs
(Appendix B; Hill et al. 2007a). For convenience we
refer to these taxon-SSMU combinations as subpopu-
lations. Predator abundances for 1970 were taken from
Hill et al. (2008). Following advice from CCAMLR’s
scientific working groups (WG-EMM 2005, 2006),
which was based on evidence in Reid et al. (2005), all
predators were assigned a Type II functional response.
We assumed that central place foragers (penguins and
seals) were most sensitive to changes in krill density,
and assigned them the highest half-saturation con-
stants. We assumed that whales were less sensitive
because they have fewer spatial constraints on forag-
ing. We assigned fish the lowest constants because this
taxon has the broadest diet and the lowest consumption
to biomass ratio.

Although whales occur in all 15 SSMUs, we grouped
them into two subpopulations corresponding to (1) all
whales that Hill et al. (20074) placed in SSMUs 1-8 and
(2) all whales that they placed in SSMUs 9-15. Although
we modeled these two subpopulations as “resident” in
SSMUs 1 and 9 for convenience, they foraged in all
SSMUs in proportion to estimates of whale abundance
within each SSMU (Hill et al. 2007a).

We parameterized the spatial distribution of seal and
penguin foraging effort to represent current understand-
ing of predator distributions in the Scotia Sea (Hill et al.
2006b). For example, we assigned all demand for krill by
penguins and seals during the summer to the natal
SSMU for each subpopulation. For the winter, we
distributed demand for krill by penguins and seals
among several SSMUs and boundary areas according to
known migration routes or overwintering areas (e.g.,
Trivelpiece et al. 2007).

Some predator subpopulations may be sensitive to
changes in krill availability (e.g., Reid et al. 2005) while
others may not manifest a detectable response (e.g.,
WG-EMM 2003). We modeled plausible limits on this
key source of uncertainty using a shape parameter that
determines the functional relationship between foraging
success and the proportion of adult predators that
participate in breeding. In one case (the stable case), we
set this shape parameter so that breeding participation
decreases more slowly than foraging success and 50% of
adults breed when per-capita krill consumption is 15%
of its maximum. We contrasted the stable case with a
linear case in which decreases in breeding participation
are directly proportional to decreases in average
foraging success.

In the absence of information on relative competitive
abilities, we assumed that the fishery and all predator
groups were equal competitors. Therefore, when krill
was limiting in an SSMU, the amount obtained by any
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predator group or the fishery was proportionate to its
demand.

Past dynamics, stochastic recruitment,
and observation error

The plausible representation of past dynamics was
developed because there were insufficient time-series
data (e.g., from regional predator censuses) to charac-
terize system dynamics at the appropriate spatial scale.
Hill et al. (2008) translated the statements in Table 1 into
a set of SSMU-specific estimates of predator abundance
using population growth models and further informa-
tion from the literature. We forced a linear 50% decline
in the recruitment to all subpopulations of krill over the
period 1984-1988 in SSMUs 1-12 and 1981-2000 in
SSMUs 13-15. For the movement case, we also halved
the mean abundance of krill in the boundary areas over
1984-1988. These changes were consistent with the
abundance changes in Hill et al. (2008). No direct
estimates of predator recruitment parameters were
available and we estimated these parameters for
subpopulations of penguins, whales, and seals by
conditioning the model on the abundance estimates in
Hill et al. (2008). We used an objective function that
minimized the sum (over predator groups, SSMUs, and
years) of the absolute differences between time-and-
SSMU-specific abundances from the model and those in
Hill et al. (2008) as a proportion of the latter (Appendix
B). We estimated the following predator parameters: the
peak recruitment when all adults breed (for subpopula-
tions of whales, seals, and penguins), the breeder
abundance that produces peak recruitment (for subpop-
ulations of seals), and a shape parameter that determines
the effect of overwinter foraging success on juvenile
survival (for subpopulations of penguins). The plausible
past dynamics did not include information on changes in
the abundance of fish, and we adjusted recruitment
parameters for this group so that the fish subpopulations
were stable under the initial model conditions.

We included two additional sources of uncertainty in
our simulations. First, we set the standard deviation of
the logarithm of krill recruitment in each SSMU to 0.7,
implying that annual recruitment will be greater than
twice the median recruitment about 16% of the time.
This level corresponds with observations of krill
recruitment at Elephant Island (Reiss et al. 2008).
Second, we introduced random error into SSMU-
specific “observations” of the state variables that are
used to implement each catch allocation option. These
errors were drawn from a log-normal distribution with a
CV of 0.20, which is within the range (0.16—0.55) of CVs
for the stratum-specific krill density estimates in Fielding
et al. (2011).

Simulations

We simulated fishing in SSMUs 1-12 in the summer
only and in SSMUs 13-15 in the winter only, to
represent observed fishing patterns (Everson and Goss
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Statements about the past dynamics of modeled groups developed by an expert group (WG-SAM 2007), the published

evidence that supports these statements, and the population growth rates used to translate these statements into the small-scale
management unit (SSMU )-specific estimates of predator abundance (Hill et al. 2008) that we used to condition model scenarios.

Annual
Statement SSMUs growth rates Evidence
Krill biomass
Rapid reduction in average and increase 1-12 Documented large-scale decline in krill
in interannual variability around 1986. abundance from 1976, including high
recent variability (Atkinson et al. 2004).
Smooth transition to lower biomass 13-15
and higher variability between about
1980 and 2000.
Penguin abundance
Annual increase of 5-10% from 1970 to 1-12 0.075; —0.045 Complex patterns reported including
about 1977; overall decline of 60-70% declines in several species (Forcada and
from about 1977 to 2000; continued, Trathan 2009, Trivelpiece et al. 2011,
possibly steeper, decline after 2000. Lynch et al. 2012, Trathan et al. 2012).
No significant trend from 1970 to about 13-15 0; —0.022
1980; overall decline of 40-50% from
about 1980 to the present.
Seal abundance
Annual increase of 10-15% from 1970 to 1-12 0.145; 0 Estimates of growth rate for SSMUs 13-15
about 1995; no significant trend after available from 1950s to 1991 (Boyd 1993).
about 1995.
Increase of about 10-15% per year from 13-15 0.117; 0.061
1970 to about 1988; followed by a
possibly slower rate of increase.
Whale abundance
Annual increase of 4-5% since about 1980. 1-8 0.056 Reported increases in some species (Branch
2007).
Annual increase of 4-5% since about 1980. 9-15 0.057

1991). The modeled fishery operated in a given SSMU
only when the krill density there exceeded 15 g/m?,
which is approximately equivalent to fishable densities
of krill occurring in 3% of the SSMU (Hill et al. 2009).
We assumed that, at most, 95% of the krill stock in each
SSMU was vulnerable to fishing or predation so that
these two sources of mortality could not cause local
extinctions of krill.

We calculated the allowable catch as the product of an
initial estimate of krill biomass in 2007; 0.093, the
harvest rate used by the CCAMLR to set the regional
catch limit for krill in the Scotia Sea (SC-CAMLR
2010); a random error drawn from a log-normal
distribution with a CV of 0.20 to represent the influence
of observation error; and a scale factor in the interval [0,
1.2] defining the allowable catch as a proportion of the
corresponding regional catch limit. We used a scale
factor of 0.11 (0.62 million metric ton interim limit/5.61
million metric ton regional limit) to represent the interim
catch limit, and a scale factor of zero for no-fishing
trials.

We adapted three catch allocation options from
Hewitt et al. (2004b) with allocations based on (1) the
spatial distribution of historical catches during the 2002/
2003-2006/2007 fishing seasons (hereafter referred to as
catch); (2) the simulated spatial distribution of predator
demand for krill at the beginning of 2007 (demand); and
(3) the simulated spatial distribution of krill standing

stock biomass at the beginning of 2007 (stock). A fourth
catch allocation option (current) is based on current
management (Conservation Measures 51-01 and 51-07
[CCAMLR 2010]), which caps the maximum catch at
the interim catch limit (scale factor <0.11) and limits the
spatial distribution of krill catches below the interim
limit.

Risk metrics

Our results indicate the probability of failing to meet
illustrative management objectives (risks) relating to
ecosystem productivity, health, and resilience, and the
provision of ecosystem services (fishery performance).
Risk metrics for each scenario-management-measure
combination were computed across the 1001 relevant
trials. We also calculated scenario-averaged risks, which
are the main outputs for presenting to decision-makers.
Each scenario-averaged value is the mean of four
relevant scenario-specific results, except in the case of
the services metric where the scenario-averaged value is
the median of all relevant simulations.

Krill production supports predator populations and
the fishery. We assessed risks to ecosystem productivity
by computing the probability that, during the fishing
period, krill abundance would fall below 20% of the
abundance at the beginning of 2007. The 20% threshold
is specified in the CCAMLR’s decision rules for setting
the regional catch limit (Miller and Agnew 2000). These
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decision rules specify, inter alia, a maximum acceptable
probability (10%) of the spawning stock biomass falling
below 20% of its pre-exploitation level. In practice,
estimates of abundance during the 2000 survey have
been used to represent this pre-exploitation level (Hewitt
et al. 2004a). Maintaining the regional krill population
above this 20% threshold is nominally associated with
the Convention’s requirement to prevent a “decrease in
the size of any harvested population to levels below
those which ensure its stable recruitment.” To be
consistent with this decision rule, we computed our risk
metric across SSMUSs.

We assessed risks to ecosystem health by computing
the ratio of predator abundance, for each subpopula-
tion, at the end of the fishing period to that for the same
year in the comparable no-fishing trial and calculating
the probability that this ratio was <0.75. This compar-
ison with no-fishing trials is intended to indicate the
marginal risks attributable to fishing. The Convention’s
requirement to maintain “ecological relationships be-
tween harvested, dependent and related populations” is
a broad commitment to maintaining ecosystem integrity
or “health,” which has generally been interpreted as a
requirement to prevent excessive depletion of predators
(Miller and Agnew 2000).

We assessed risks to ecosystem resilience by comput-
ing the probability that predator subpopulations from
simulations were <75% of their respective abundances
from no-fishing trials at the end of the recovery period
(2046). This relates to the Convention’s requirement to
minimize “the risk of changes in the marine ecosystem
which are not potentially reversible over two or three
decades.” As the model produces complex dynamics, the
relationship between the risk of depletion and the risk of
failing to recover is nonlinear and varies between
predators and management measures. It is therefore
appropriate to assess these risks separately.

We calculated the proportion of the allowable catch
that was not caught in each trial, and assessed risks to
the provision of ecosystem services as the median of this
value across relevant trails.

REsuLTS
Conditioning and dynamics

The conditioning process produced a set of recruit-
ment parameters for each subpopulation of whales,
penguins, and seals in each of the four reference
scenarios (Appendix B). These recruitment parameters
arise from the combination of model structure, input
parameters, and plausible past dynamics. The parame-
ters, in turn, give rise to the specific dynamics of each
reference scenario. Although we began the simulations
from steady state in 1970, each scenario had active
dynamics by 2007 due to the earlier halving of krill
recruitment and the complex interactions between
predators.

In every case, the estimated predator recruitment
parameters suggested a tendency toward depensatory
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dynamics (i.e., when breeder abundance is low, the
survival of recruits decreases with decreasing breeder
abundance; e.g., Liermann and Hilborn [2001]). Specif-
ically, the implied y of the 7y stock-recruit function
(Quinn and Deriso 1999) was consistently >1 (range
1.11-1.93). Penguin recruitment was also sensitive to
fluctuations in krill availability. Specifically, the shape
parameter determining the relationship between penguin
foraging performance and pre-recruit mortality was >1
in the majority of cases. This sensitivity was greater in
movement scenarios than no-movement scenarios, but
the contrast between subpopulations within scenarios
was stronger than the contrast between scenarios.
Penguins in SSMU 11 were most sensitive and those in
SSMU 15 were least sensitive. The conditioning results
therefore suggest that, irrespective of the degree of krill
movement through the system and the direct effect of
krill availability on breeding participation, predator
abundance becomes increasingly sensitive to fluctuations
in krill availability at lower predator and krill abun-
dances.

We modeled 544 combinations of predator subpopu-
lation, scenario, and catch allocation option, each with a
range of allowable catches and each with its own unique
dynamics. The dynamics can be aggregated and
averaged in various ways, as shown in Fig. 2. Results
for a single management measure aggregated across
SSMUs and averaged across scenarios (Fig. 2a—) show
that fishing at a harvest rate of 9.3% reduced krill
abundance by <4% on average but had a more
pronounced, indirect effect on krill predators. The low
fishery impact on krill is explained by the fact that
predator abundance and demand falls as a consequence
of reduced in-season krill availability, but the capacity
for replenishing the krill stock (through recruitment and
imports) is relatively unaffected. This suggests that, in
the real world, snapshot assessments of forage species
abundance could underestimate reductions in their
availability to predators.

In the no-fishing case (Fig. 2a—c), seal abundance was
relatively stable, whereas penguin abundance declined
over the simulation period. Fishing reduced the abun-
dance of seals and accelerated the decline in penguin
abundance. Following the cessation of fishing, krill
abundance initially increased to levels just above those
predicted for the no-fishing case then returned to no-
fishing levels within two decades. Seal and penguin
abundances converged toward but did not return to no-
fishing levels within two decades. The initial over-
compensation in prey is typical of models where
predators and prey respond at different rates (in this
case due to different recruitment delays and maximum
population growth rates). The slow response in seals and
penguins is due to over-compensation in a faster
responding competitor (fish).

Figs. 2d-i show some of these dynamics at different
scales of aggregation. The results for SSMU 3 illustrate
greater post-fishing over-compensation in krill abun-
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dance and a more pronounced fishery effect on
predators. Penguin abundance declined even in the
absence of fishing. In the fishing trials, penguin
abundance fell to levels where recovery was significantly
impeded by the depensatory recruitment parameters
estimated during conditioning. Results from the move-
ment-stable scenario showed almost no fishery impact
on the krill stock and correspondingly lower impacts on
seals and penguins, followed by post-fishing recovery of
these predators to near no-fishing levels within 20 years.
The low impact on krill was due mainly to replenishment
from the boundary areas.

Catch allocations

Two catch allocation options (demand and stock)
increased the proportion of allowable catch allocated to
the three oceanic SSMUs (1, 9, 13 in Fig. 1) compared to
the catch and current options (Table 2). The catch
option allocated about 99% of the total catch to the 12
coastal SSMUs, but the stock and demand options

reduced this allocation to about 53% and 31%,
respectively. The demand option had the lowest
allocation of catch to coastal SSMUs because our
parameterizations suggest substantial consumption of
krill by fish in oceanic SSMUs (Hill et al. 2007a).

Risks

The predicted risks that krill fishing might negatively
impact ecosystem productivity were generally low (Fig.
3). The demand option had the lowest risks, while the
catch and stock options were the most risky. Increasing
the allowable catch increased the risks of impacting
ecosystem productivity, but the rates at which these risks
increased were low compared to the rates at which other
risks increased. The results suggest that, under current
management, the risk of negative impacts on ecosystem
productivity might approach the threshold stipulated in
the CCAMLR’s decision rules for the krill fishery as the
catch approaches the interim catch limit.
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TaBLE 2. Proportional allocations of the regional catch limit
to individual SSMUs (see Fig. 1) under each catch allocation
option.

SSMU Catch Demand Stock Current
1 0.00 0.17 0.09 0.01
2 0.00 0.04 0.04 0.00
3 0.17 0.01 0.02 0.13
4 0.03 0.02 0.02 0.04
5 0.03 0.02 0.03 0.01
6 0.04 0.02 0.03 0.01
7 0.02 0.02 0.03 0.04
8 0.00 0.07 0.07 0.00
9 0.01 0.26 0.17 0.01
10 0.34 0.01 0.14 0.32
11 0.01 0.01 0.04 0.02
12 0.00 0.03 0.05 0.02
13 0.00 0.27 0.22 0.01
14 0.10 0.05 0.02 0.08
15 0.25 0.02 0.01 0.30
Coastal SSMUs 0.99 0.31 0.53 0.97
Oceanic SSMUs 0.01 0.69 0.47 0.03

Notes: Values for the demand and stock options are averages
computed across scenarios. Values for the catch and current
options (the latter of which are shown only for scale factor =
0.11) were fixed for all scenarios.

The predicted average risks of negative impacts on
ecosystem health varied substantially between candidate
management measures for the krill fishery (Fig. 4). The
demand option was the least risky. Within the range of
allowable catches considered here, all of the predator
subpopulations had less than a 50% chance of being
depleted under the demand option. The catch option
was the most risky, and several predator subpopulations
had more than a 50% chance of becoming depleted as
catches increased between the interim and regional catch
limits. The levels of risk under the stock option were
between those of the catch and demand options, and six
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predator subpopulations had more than a 50% chance of
depletion at catches less than or near to the regional
catch limit. Current management had low risks of
negatively impacting ecosystem health.

The predicted risks of negative impacts on ecosystem
resilience also varied substantially between candidate
management measures (Fig. 5). In general, the catch
option was most risky; the stock option presented an
intermediate amount of risk; and the demand option
was the least risky. Strikingly, we predicted that the risks
of negative impacts on resilience, particularly for
penguins under the demand option and current man-
agement, were often higher than the corresponding risks
to ecosystem health (compare to results in Fig. 4). This
difference probably occurred because fishing accelerated
ongoing declines in predator groups with depensatory
dynamics.

Scenario-specific results for ecosystem health show
that the broad distinction between catch allocation
options was apparent within each scenario (Fig. 6). This
distinction was also apparent in results for the other risk
metrics (Appendix C). Nonetheless, there were differ-
ences between scenarios, including the higher risk to
some penguin subpopulations in no-movement scenar-
ios, which was apparent with the current option. This is
due to localized krill depletion that occurs when the
modeled fishery is concentrated in SSMUs that are not
replenished by imports, combined with depensatory
penguin dynamics. This also explains why seals were
more vulnerable under no-movement scenarios, espe-
cially when they had a linear response to krill
availability.

Risk was not always a monotonic function of
allowable catch. The humped pattern in the no-
movement linear scenario, which also appears in the

1.0
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Risks to ecosystem productivity. Scenario-averaged catch-allocation-option-specific probabilities that during the

simulated fishing period krill abundance (summed across all SSMUs) fell below 20% of its level at the beginning of 2007. Vertical
dashed lines indicate allowable catches corresponding to the interim and regional catch limits. The horizontal line at 0.1 represents
the 10% threshold in the relevant Commission for the Conservation of Antarctic Marine Living Resources (CCAMLR) decision

rule. Note the different x-axis scale in panel (d).
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scenario-averaged results, represents a subpopulation of
short-lived mesopelagic fishes that recovers slowly when
their competitors are relatively abundant and more
quickly when these competitors are depleted.

Results characterizing risks to the provision of
ecosystems services were broadly consistent with results
characterizing other risks. The catch option presented
the greatest risk that krill availability and competition
caused the fishery to catch less than the allowable catch;
the stock option presented an intermediate, albeit low,
level of risk; and the demand option was the least risky

(Fig. 7). Current management presents a very low risk of
impacting ecosystem services, mainly because allowable
catches must be below the interim catch limit.

DiscussioN

Decision-makers charged with implementing ecosys-
tem-based management need to satisfy a broad range of
objectives and to consider the influence of multiple
interactions on the potential consequences of their
decisions. Scientists must articulate these potential
consequences, and their inherent uncertainties, for each
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recovery period, predator subpopulations were <75% of the abundances predicted in comparable no-fishing trials. Other details as

in Fig. 4.
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Chinstrap Penguins (Pygoscelis antarctica, left) and Gentoo Penguins (P. papua, right) are two of the predators of

Antarctic krill represented in the model presented here. Photo credit: NOAA.

of the relevant objectives, in ways that can be readily
understood by decision-makers and other stakeholders.
These challenges are exemplified in the need to assess
management options before the expanding Scotia Sea
krill fishery (Nicol et al. 2011) reaches the interim catch
limit. This assessment must be developed with limited
resources and despite considerable uncertainties about
the state of the ecosystem and its response to fishing. It is
not currently practicable to fully resolve or explore all of
the uncertainties that could affect this assessment. One
pragmatic solution, which we have demonstrated here,
formulates models that bracket key uncertainties;
presents results that summarize uncertainty in the more
familiar form of risk; and focuses on trade-offs rather
than absolute predictions.

The majority of the input parameters for our model
were fixed across the four scenarios. These parameters,
together with the model structure, represent our current
best estimates of the processes determining the ecolog-
ical response to fishing. The conditioned scenarios serve
the twin purpose of representing uncertainty about these
best estimates, and aligning the state of the modeled
system with that of the real ecosystem. Our approach to
addressing uncertainty simulates extreme scenarios
intended to define plausible limits on key processes.

These processes were identified by a community of
experts and stakeholders and are believed to be some of
the main drivers of trends in the abundance of krill and
its predators. The multiple stochastic trials represent
uncertainty about the future state of the system due to
natural variability.

The unique dynamics of each simulation arise from
the combined influence of the management measure, the
model structure, the fixed and estimated parameters, the
forcing of krill recruitment over the conditioning period,
and the simulated variability. These dynamics include
emergent characteristics such as depensation in most
predator subpopulations. The scenarios also formalize
hypotheses that are characterized by their dynamics.
Testing these hypotheses might help to reduce uncer-
tainty. Indeed, there is evidence of ongoing declines in
various penguin populations throughout the Scotia Sea
(Trivelpiece et al. 2011, Lynch et al. 2012, Trathan et al.
2012), which provides some support for the depensation
hypothesis.

Communicating technical results to decision-makers
and other stakeholders is challenging because ecosys-
tems are complex and uncertainties abound. Nonethe-
less, most stakeholders are familiar with the concept of
risk. The approach that we developed in consultation
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with a community of stakeholders, decision-makers and
experts is a suitable strategy for conveying uncertainty.
This approach represents objectives in terms of reference
points that specify targets (e.g., to catch the full
allowable catch) or the boundaries on undesirable
conditions (e.g., to avoid depletion below 75% of the
comparable no-fishing abundance). It then provides
decision-makers with scenario-averaged risks of failing
to meet these objectives. Scenario-specific results should
also be available for review. A further advantage of

communicating the probabilities of Boolean outcomes is
that estimated risks should be relatively insensitive to
occasional predictions of extreme outcomes (see, e.g.,
Halley and Inchausti 2002). Link (2010) observes that
risk assessment is particularly useful in data poor
situations and for comparing diverse analytical outputs
across ecological entities. Our work demonstrates that
risk assessment remains a useful way of communicating
these comparisons when the analytical approach is
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consistent across entities and produces an abundance of
model-generated data.

Our reference points for predators were defined in
terms of comparable no-fishing trials. The risk metrics
therefore indicate the impacts of fishing without the
confounding effects of other influences (see also Sibert et
al. 2006). This approach reduces sensitivity to the initial
conditions, since the same conditions produce the no-
fishing cases. It is particularly helpful where an
ecosystem is strongly influenced by drivers beyond the
present control of fisheries managers. This applies to
most marine ecosystems, where the drivers include
climate and perturbation caused by past harvesting.
The main limitation of this approach is that it does not
indicate total or cumulative risk, which could include the
effects of multiplicative, rather than simply additive,
combinations of fisheries and environmental effects
(Breitburg and Riedel 2005, Halpern et al. 2008).

Hill et al. (2007h) recommended using more than one
basic model structure to evaluate management mea-
sures. Plaganyi and Butterworth’s (2012) parallel and
complementary approach used an alternative model
and a reference set of scenarios that included contrast-
ing hypotheses about predator survival, but not prey
movement. Plaganyi and Butterworth (2012) used fixed
catch allocation options, whereas we estimated the
catch allocation for each SSMU, with observation
error, within the model itself. The two models together
explore more uncertainty than one model alone.
However, our assumption that predators and the
fishery are equal competitors and Plaganyi and Butter-
worth’s (2012) assumption that predators are superior
competitors to the fishery will both underestimate
impacts on predators compared to the assumption that
the fishery is competitively superior. Further investiga-
tion of the sensitivity to competitive hierarchies may be
necessary. With this caveat, it is noteworthy that the
two approaches identify broadly convergent results.

The distinctions between catch allocation options are
apparent in our scenario-averaged results, and are
relatively consistent between scenarios. This suggests
that there are significant, real differences between the
catch allocation options in terms of the level of risk at
comparable catches and the accumulation of risk with
increasing catch. The differences between results for
different risk metrics imply that, when selecting a
management measure, the CCAMLR must make
trade-offs between risks to its various objectives. The
results also suggest that there may be appreciable
increases in risk, particularly to ecosystem health and
resilience, as catches increase from the interim catch
limit up to the regional catch limit. However, the interim
limit apparently caps these risks at roughly half of the
corresponding risks posed by the regional limit. The
catch option posed the greatest risks to each objective;
the stock option posed intermediate risks; and the
demand option was simultaneously “best” for both the
fishery and the ecosystem.

The implied best strategy for minimizing the risk of
ecological impact as the fishery expands is to relocate a
greater proportion of the catch into the open ocean and
away from island shelves. The model predicts that the
effect on the average krill density in the oceanic areas
will have limited impact on both catch and predator
abundance. However, fishable aggregations of krill
occur less frequently in oceanic than in coastal areas
(Hill et al. 2009), and a risk metric that includes an
increased search cost in oceanic areas might not identify
the demand option as best for the fishery. In this case
there would be a more significant trade-off between risk
to the fishery and risk to the ecosystem.

Policy makers should consider the validity of risk
metrics before implementing management measures.
The metrics that we developed for predators and the
fishery illustrate the sorts of performance measures that
might be established after input from stakeholders to
help define appropriate metrics, limit reference points,
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and weighting schemes to represent the relative “value”
of different ecosystem components. Our focus on key
predator populations corresponds with the extension of
single-species performance measures favored by Hall
and Mainprize (2004) over ecosystem level indicators
(e.g., Cury and Christensen 2005). However, our
reliance on illustrative examples indicates the need for
faster progress toward identifying performance mea-
sures that truly represent management objectives for
fishery performance and ecosystem components other
than target species. Link et al. (2012) identify unclear
management objectives as a distinct and important
source of uncertainty affecting the use of ecosystem
models. Based on our experience with developing the
risk figures, it might be necessary to devise a range of
contrasting risk metrics and demonstrate their influence
on the results in order to elicit the opinions of
stakeholders. Nonetheless, it is possible to use results
like ours for decision-making without prior specification
of operational objectives or decision rules. In fact, if
decisions are made on the basis of such results, unstated
operational objectives and decision rules might be
inferred from them.

Plaganyi and Butterworth (2012) discuss some of the
general caveats associated with our approach. These
include issues associated with the aggregation of species
within predator groups and with conditioning models on
plausible past dynamics in the absence of direct
observations. There are many valid alternative repre-
sentations of the ecosystem, including, for example,
sigmoidal functional responses (Waluda et al. 2012),
different predator foraging distributions, and contrast-
ing representations of past dynamics. We support the
scrutiny and exploration of assumptions in ecosystem
models, leading to the structured refinement of advice to
decision-makers. We note, however, that this process
will never remove all caveats and that there is an urgent
need for initial advice. Our approach uses a model that
was developed within a wider community that provided
rigorous review of the model and an array of results. We
have also exposed our work to peer review with
publications describing critical processes (Hill et al.
2006a), input parameters (Hill et al. 2007a), and our
approach to addressing uncertainty (Hill et al. 20075).
We assert that our approach, which combines rigor with
a candid assessment of uncertainty, is appropriate for
providing timely advice.

Concluding remarks

Models are imperfect representations of reality. It is
therefore understandable that scientists can be reluc-
tant to provide advice derived from ecosystem models,
and decision-makers can be reluctant to act on the basis
of such advice. However, it is possible to make progress
by delivering advice specifically in terms of uncertainty,
i.e., the risks of failing to meet management objectives.
Engagement with a community of stakeholders and
experts can help to identify sources of uncertainty that

KRILL ECOSYSTEM DYNAMICS MODEL 723

are directly relevant to management objectives. Explicit
presentation of risks also reminds decision-makers not
to rely on models alone, and that monitoring and
contingency plans are also important.

ACKNOWLEDGMENTS

This is a contribution to the British Antarctic Survey’s
NERC-funded Ecosystems Programme. Partial support for
J. T. Hinke was provided by the National Science Foundation
(#0443751 and #1016936) and the Lenfest Oceans Program at
the Pew Charitable Trusts. Susie Grant prepared Fig. 1. This
work was shaped and informed by useful input from many
individuals, including participants in the Working Group on
Ecosystem Monitoring and Management; the Working Group
on Statistics, Assessments and Modelling; the Scientific
Committee for the Conservation of Antarctic Marine Living
Resources, colleagues at our home institutions, the many data
providers and researchers whose work we have assimilated, and
the decision-makers within the CCAMLR whom we seek to
advise. We thank two anonymous reviewers for constructive
comments.

LITERATURE CITED

Atkinson, A., V. Siegel, E. Pakhomov, and P. Rothery. 2004.
Long-term decline in krill stock and increase in salps within
the Southern Ocean. Nature 432:100-103.

Atkinson, A., M. J. Whitehouse, J. Priddle, G. C. Cripps, P.
Ward, and M. A. Brandon. 2001. South Georgia, Antarctica:
a productive, cold water, pelagic ecosystem. Marine Ecology
Progress Series 216:279-308.

Boyd, 1. L. 1993. Pup production and distribution of breeding
Antarctic fur seals (Arctocephalus gazella) at South Georgia.
Antarctic Science 5:17-24.

Branch, T. A. 2007. Abundance of Antarctic blue whales south
of 60 S from three complete circumpolar sets of surveys.
Journal of Cetacean Research and Management 9:253-262.

Breitburg, D. L., and G. F. Riedel. 2005. Multiple stressors in
marine systems. Pages 167-182 in L. B. Crowder and E. A.
Norse, editors. Marine conservation biology: the science of
maintaining the sea’s biodiversity. Island Press, Washington,
D.C., USA.

CCAMLR. 2010. Schedule of conservation measures in force
2010/11. Commission for the Conservation of Antarctic
Marine Living Resources, Hobart, Australia.

Constable, A. J. 2011. Lessons from CCAMLR on the
implementation of the ecosystem approach to managing
fisheries. Fish and Fisheries 12:138-151.

Coward, A. C., and B. A. de Cuevas. 2005. The OCCAM 66
level model: physics, initial conditions and external forcing,
SOC Internal Report No 99. National Oceanography Centre,
Southampton, UK.

Cury, P. M., and V. Christensen. 2005. Quantitative ecosystem
indicators for fisheries management. ICES Journal of Marine
Science 62:307-310.

Everson, 1. 2000. Role of krill in marine food webs: the
Southern Ocean. Pages 194-201 in 1. Everson, editor. Krill:
biology, ecology and fisheries. Blackwell Science, Oxford,
UK.

Everson, 1., and C. Goss. 1991. Krill fishing activity in the
Southwest Atlantic. Antarctic Science 3:351-358.

Fielding, S., J. Watkins, and ASAM participants. 2011. The
ASAM 2010 assessment of krill biomass for Area 48 from the
Scotia Sea CCAMLR 2000 synoptic survey. CCAMLR
document WG-EMM 11/20. Commission for the Conserva-
tion of Antarctic Marine Living Resources, Hobart, Aus-
tralia.

Forcada, J., and P. N. Trathan. 2009. Penguin responses to
climate change in the Southern Ocean. Global Change
Biology 15:1618-1630.



724 G. M. WATTERS ET AL.

Hall, S. J., and B. Mainprize. 2004. Towards ecosystem-based
fisheries management. Fish and Fisheries 5:1-20.

Halley, J., and P. Inchausti. 2002. Lognormality in ecological
time series. Oikos 99:518-530.

Halpern, B. S., K. L. McLeod, A. A. Rosenberg, and L. B.
Crowder. 2008. Managing for cumulative impacts in
ecosystem-based management through ocean zoning. Ocean
and Coastal Management 51:203-211.

Hewitt, R. P., et al. 2004a. Biomass of Antarctic krill in the
Scotia Sea in January/February 2000 and its use in revising
an estimate of precautionary yield. Deep-Sea Research Part
II: Topical Studies in Oceanography 51:1215-1236.

Hewitt, R. P., G. Watters, P. N. Trathan, J. P. Croxall, M.
Goebel, D. Ramm, K. Reid, W. Z. Trivelpiece, and J. L.
Watkins. 2004h. Options for allocating the precautionary
catch limit of krill among small-scale management units in
the Scotia Sea. CCAMLR Science 11:81-97.

Hill, S. L. 2013. Prospects for a sustainable increase in the
supply of long chain omega 3s: Lessons from the Antarctic
krill fishery. Pages 257-298 in R. F. Watson, F. De Meester,
S. Zibadi, editors. Omega 6/3 fatty acids functions, sustain-
ability strategies and perspectives. Humana Press, New York,
New York, USA.

Hill, S., J. Hinke, E. E. Plaganyi, and G. Watters. 2008.
Reference observations for validating and tuning operating
models for krill fishery management in area 48. CCAMLR
document WG-SAM 08/10. Commission for the Conserva-
tion of Antarctic Marine Living Resources, Hobart, Aus-
tralia.

Hill, S. L., K. Keeble, A. Atkinson, and E. J. Murphy. 2012. A
foodweb model to explore uncertainties in the South Georgia
shelf pelagic ecosystem. Deep Sea Research Part I1: Topical
Studies in Oceanography 59-60:237-252.

Hill, S. L., E. J. Murphy, K. Reid, P. N. Trathan, and A. J.
Constable. 2006a. Modelling Southern Ocean ecosystems:
krill, the food-web, and the impacts of fishing. Biological
Reviews 81:581-608.

Hill, S., K. Reid, S. Thorpe, J. Hinke, and G. Watters. 20065. A
compilation of parameters for a krill-fishery—predator model
of the Scotia Sea and Antarctic Peninsula. CCAMLR
document WG-EMM-06/30 Revl. Commission for the
Conservation of Antarctic Marine Living Resources, Hobart,
Australia.

Hill, S. L., K. Reid, S. E. Thorpe, J. Hinke, and G. M. Watters.
2007a. A compilation of parameters for ecosystem dynamics
models of the Scotia Sea—Antarctic Peninsula region.
CCAMLR Science 14:1-25.

Hill, S. L., P. N. Trathan, and D. J. Agnew. 2009. The risk to
fishery performance associated with spatially resolved man-
agement of Antarctic krill (Euphausia superba) harvesting.
ICES Journal of Marine Science 66:2148-2154.

Hill, S. L., G. M. Watters, A. E. Punt, M. K. McAllister, C.
LeQuere, and J. Turner. 2007h. Model uncertainty in the
ecosystem approach to fisheries. Fish and Fisheries 8:315-
333.

Liermann, M., and R. Hilborn. 2001. Depensation: evidence,
models and implications. Fish and Fisheries 2:33-58.

Link, J. S. 2010. Ecosystem-Based Fisheries Management
Confronting Tradeoffs. Cambridge University Press, Cam-
bridge, UK.

Link, J. S., T. F. TIhde, C. J. Harvey, S. K. Gaichas, J. C. Field,
J. K. T. Brodziak, H. M. Townsend, and R. M. Peterman.
2012. Dealing with uncertainty in ecosystem models: The
paradox of use for living resources. Progress in Oceanogra-
phy 102:102-114.

Ludwig, D., R. Hilborn, and C. Walters. 1993. Uncertainty,
resource exploitation and conservation: lessons for history.
Science 260:17-18.

Ecological Applications
Vol. 23, No. 4

Lynch, H. J., R. Naveen, P. N. Trathan, and W. F. Fagan.
2012. Spatially integrated assessment reveals widespread
changes in penguin populations on the Antarctic Peninsula.
Ecology 93:1367-1377.

McLeod, K. L., and H. M. Leslie. 2009. Why ecosystem-based
management? Pages 3—12 in K. L. McLeod and H. M. Leslie,
editors. Ecosystem-based management for the oceans. Island
Press, Washington, D.C., USA.

Miller, D. 2011. Sustainable management in the Southern
Ocean: CCAMLR science. Pages 103121 in P. A. Berkman,
M. A. Lang, D. W. H. Walton, and O. R. Young, editors.
Science diplomacy: Antarctica, science, and the governance
of international spaces. Smithsonian Institution Scholarly
Press, Washington, D.C., USA.

Miller, D., and D. Agnew. 2000. Management of krill fisheries
in the Southern Ocean. Pages 300-337 in 1. Everson, editor.
Krill biology, ecology and fisheries. Blackwell Science,
Oxford, UK.

Nicol, S., F. Foster, and S. Kawaguchi. 2011. The fishery for
Antarctic krill—recent developments. Fish and Fisheries
13:30-40.

Pikitch, E. K., et al. 2012. The global contribution of forage fish
to marine fisheries and ecosystems. Fish and Fisheries. http://
dx.doi.org/10.1111/faf. 12004

Plaganyi, E. E. 2007. Models for an ecosystem approach to
fisheries. FAO Fisheries Technical Paper No. 477. FAO,
Rome, Italy.

Plaganyi, E. E., and D. S. Butterworth. 2012. The Scotia Sea
krill fishery and its possible impacts on dependent predators:
modeling localized depletion of prey. Ecological Applications
22:748-761.

Plaganyi, E. E., et al. 2012. Multispecies fisheries management
and conservation: tactical applications using models of
intermediate complexity. Fish and Fisheries. http://dx.doi.
org/10.1111/j.1467-2979-2012.00488.x

Punt, A. E., and G. P. Donovan. 2007. Developing manage-
ment procedures that are robust to uncertainty: Lessons from
the International Whaling Commission. ICES Journal of
Marine Science 64:603-612.

Quinn, T. J., II, and R. B. Deriso. 1999. Quantitative fish
dynamics. Oxford University Press, New York, New York,
USA.

R Development Core Team. 2006. R: a language and
environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. www.r-project.org

Rademeyer, R. A., E. E. Plaganyi, and D. S. Butterworth. 2007.
Tips and tricks in designing management procedures. ICES
Journal of Marine Science 64:618-625.

Reid, K., J. P. Croxall, D. R. Briggs, and E. J. Murphy. 2005.
Antarctic ecosystem monitoring: quantifying the response of
ecosystem indicators to variability in Antarctic krill. ICES
Journal of Marine Science 62:366—373.

Reiss, C. S., A. M. Cossio, V. Loeb, and D. A. Demer. 2008.
Variations in the biomass of Antarctic krill (Euphausia
superba) around the South Shetland Islands, 1996-2006
ICES. Journal of Marine Science 65:497-508.

Rose, K. A., et al. 2010. End-to-end models for the analysis of
marine ecosystems: challenges, issues, and next steps. Marine
and Coastal Fisheries: Dynamics, Management, and Ecosys-
tem Science 2:115-130.

SC-CAMLR. 2004. Report of the twenty-third meeting of the
scientific committee (SC-CAMLR-XXIII). Commission for
the Conservation of Antarctic Marine Living Resources,
Hobart, Australia.

SC-CAMLR. 2007. Report of the twenty-sixth meeting of the
scientific committee (SC-CAMLR-XXVI). Commission for
the Conservation of Antarctic Marine Living Resources,
Hobart, Australia.



June 2013

SC-CAMLR. 2010. Report of the twenty-ninth meeting of the
scientific committee (SC-CAMLR-XXIX). Commission for
the Conservation of Antarctic Marine Living Resources,
Hobart, Australia.

Sibert, J., J. Hampton, P. Kleiber, and M. Maunder. 2006.
Biomass, size, and trophic status of top predators in the
Pacific Ocean. Science 314:1773-1776.

Siegel, V. 2005. Distribution and population dynamics of
Euphausia superba: summary of recent findings. Polar
Biology 29:1-22.

Siegel, V., and S. Nicol. 2000. Population parameters. Pages
103-149 in 1. Everson, editor. Krill biology, ecology and
fisheries. Blackwell Science, Oxford, UK.

Trathan, P. N., N. Ratcliffe, and E. A. Masden. 2012.
Ecological drivers of change at South Georgia: the krill
surplus, or climate variability. Ecography. http://dx.doi.org/
10.1111/5.1600-0587.2012.07330.x

Trivelpiece, W. Z., S. Buckelew, C. Reiss, and S.G. Trivelpiece.
2007. The winter distribution of chinstrap penguins from two
breeding sites in the South Shetland Islands of Antarctica.
Polar Biology 30:1231-1237.

Trivelpiece, W. Z., J. T. Hinke, A. K. Miller, C. S. Reiss, S. G.
Trivelpiece, and G. M. Watters. 2011. Variability in krill
biomass links harvesting and climate warming to penguin
populations in Antarctica. Proceedings of the National
Academy of Sciences USA 108:7626-7628.

KRILL ECOSYSTEM DYNAMICS MODEL 725

Waluda, C. M., S. L. Hill, H. J. Peat, and P. N. Trathan. 2012.
Diet variability and reproductive performance of macaroni
penguins Eudyptes chrysolophus at Bird Island, South
Georgia. Marine Ecology Progress Series 466:261-274.

WG-EMM. 2003. Report of the CEMP review workshop.
Pages 227-282 in Report of the twenty-second meeting of the
scientific committee (SC-CAMLR-XXII). Commission for
the Conservation of Antarctic Marine Living Resources,
Hobart, Australia.

WG-EMM. 2005. Report of the workshop on management
procedures. Pages 233-280 in Report of the twenty-fourth
meeting of the scientific committee (SC-CAMLR-XXIV).
Commission for the Conservation of Antarctic Marine
Living Resources, Hobart, Australia.

WG-EMM. 2006. Report of the second workshop on manage-
ment procedures. Pages 227-258 in Report of the twenty-fifth
meeting of the scientific committee (SC-CAMLR-XXYV).
Commission for the Conservation of Antarctic Marine
Living Resources, Hobart, Australia.

WG-SAM. 2007. Report of the working group on statistics,
assessments and modelling. Annex 7 in Report of the twenty-
sixth meeting of the scientific committee (SC-CAMLR-
XXVI). Commission for the Conservation of Antarctic
Marine Living Resources, Hobart, Australia.

SUPPLEMENTAL MATERIAL

Appendix A
Detailed mathematical description of the model (Ecological Archives A023-035-Al).

Appendix B

Parameterization and conditioning (Ecological Archives A023-035-A2).

Appendix C

Further simulation details and supplementary results (Ecological Archives A023-035-A3).


http://www.esapubs.org/archive/appl/A023/035/
http://www.esapubs.org/archive/appl/A023/035/
http://www.esapubs.org/archive/appl/A023/035/

G.M. Watters, S.L. Hill, J.T. Hinke, J. Matthews, K. Reid. Decision making for ecosystem based
management: evaluating options for a krill fishery with an ecosystem dynamics model.

APPENDIX A: Detailed mathematical description of the model

This analysis used a novel, spatially-resolved, stochastic model that simulates the outcomes of
prey-predator-fishery interactions. We developed the model to evaluate a range of management measures
and ecological hypotheses about how the Scotia Sea ecosystem operates. The following section provides a

mathematical description of the ecological interactions represented in the model, which are summarized
schematically in Fig. A1.
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F1G. Al. Schematic diagram of major model components within a single small-scale management unit (SSMU).
The krill standing stock in each time step is determined by local recruitment, total mortality (predation, natural,
and fishing mortality), and net movement of prey among model areas. Total consumption of prey by predators
within an SSMU, which can include consumption of local prey resources and consumption of prey from
elsewhere in the model arena (e.g., other SSMUSs) is limited by the prey standing stock in the areas where
predators forage. The abundance of prey available for predators determines their foraging success, which in turn
determines their effective breeding population size, and recruitment, and can affect survival rates of adult and
juvenile predators. The demand for prey by predators and a threshold density of prey below which the fishery
does not operate for economic reasons can affect the catch by the fishery. LEGEND: Circular, black arrows
represent the local recruitment process. Thick arrows represent flows of prey from one pool to the next. The
hour-glass shapes identify limits on the flows of prey between pools. The solid line arrows identify how limits to
flow are determined. For predators, the dashed line arrows represent how limits on foraging success influence
other population processes. Dashed thick arrows represent optional interactions among SSMUs.
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Functionalities in the model which were not used in the current study, but are described here as a
matter of completeness and full disclosure of current functionality for potential users, include the
relationship between predator foraging success and survival (Eq. A.16), and the relative competitive
abilities of different predators and the fishery (Eqgs. A.11 and A.12). We simplified these functions in the
risk analysis by parameterizing the model so that adult survival rates of krill predators were constant and
the competitive abilities of all predators and the fishery were equal. Our description of management
measures includes only those considered in the current study. We refer readers to Watters et al. (2006,
2008) for a more complete description and evaluation of the alternative Catch Allocation Options.

Trophic, spatial and temporal structure

The model represents one forage species (hereafter prey, which, in the current context, is
synonymous with krill), its predators and fishery. The main spatial unit of the model is the small scale
management unit (SSMU) in which predator, prey and fishery dynamics are explicitly modeled. There
can be up to four predator groups per SSMU. The parameters of prey and predator groups can be defined
specifically for each SSMU. There are also boundary areas, the main purpose of which is to represent
prey outside the SSMUs that interacts with prey and predators inside the SSMUs. Boundary areas
therefore have a simple representation of prey abundance and no explicit representation of predator or
fishery dynamics. SSMUs can interact with other SSMUs and boundary areas through the movement of
prey between areas and the foraging of predators that are assigned to a given SSMU in other areas.

The model has nested temporal structure, intended to represent seasons within years (typically 2
seasons per year). Most input parameters can be assigned different values for each season within the year.
The basic time step is therefore one season and outputs can be sampled as either annual aggregates (sums
or averages) or seasonally resolved snapshots.

Prey dynamics

Prey dynamics are described by delay-difference equations. The abundance of prey in SSMU i at
time #+1 (K; 1) is a function of the total mortality during the preceding time step (Z;,), recruitment (R; ;+1),
and a set of season-specific (where season is identified by the subscript s) instantaneous movement rates
that describe movement among pairs of SSMUs 7 and j (individual rates in this set are designated v,_,; ;).

Ki,t+1 = Ki,t exp(— Zi,t - Zlvi—n',sj + Ri,t+1
J#i

, (A.1)
+ K — ll—exp-Z. —3v,
oy e ool oz

h#j

J#I

Three instantaneous mortality rates are components of the SSMU- and time-specific total mortality rate
(Z:,): natural, non-predation mortality in season s (M0;;); predation mortality (M2;,); and fishing mortality
(F[‘ [).
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Zi,t = MOi,s + Mzi,t + Fi,t (A.2)

All three mortality rates and all the instantaneous movement rates are > 0. We use season-specific
transition matrices (one matrix per season) to contain the movement rates. These matrices are square with
dimensions equal to the total number of areas (SSMUs plus boundary areas) being considered in an
implementation of the model. An element in row i and column ;j of the matrix for season s describes the
instantaneous rate of movement from area i to area j (vi;), and the diagonal elements of the transition
matrix are equal to zero. The first term on the right side of Eq. A.1 describes the proportion of the
population that remains after losses due to mortality and emigration from SSMU i. The third term
describes net immigration into SSMU i. Note that our parameterization of movement allows prey to be
exchanged between non-adjacent areas. Prey that transit through an area within a single time step are not
subjected to additional predation or fishing mortality while en route to their destination.

Recruitment of prey in SSMU i at time ¢ (R;,) is an asymptotic function of the adult abundance in
a previous time period, and the lag is determined by the age at which prey recruit to the adult stock (p).

a K.
R,, =l”—”'_pexp(¢[th +g,) (A3)
, ﬂi,s +Ki, ,

t—p
g ~N [T, azj (A.4)

0, 18 the maximum recruitment in SSMU i during season s, and f; is the season- and SSMU-specific
adult abundance that produces half that maximum. The recruitment of prey can also be influenced by a
time-varying anomaly that describes environmental conditions influencing all SSMUs (X)), but the effect
of these conditions is mediated by a season- and SSMU-specific scale parameter (¢; ; ). If the set {X;} is

not a normalized series of environmental anomalies, the recruitment deviates will be biased. Lognormal
variation in prey recruitment is introduced through a time varying error term (¢,) that applies to all SSMUs
and whose variance (in log space, ¢°) is fixed.

Time-series of prey abundance in boundary areas are provided to the model as inputs. These time-
series can be used in conjunction with the time-varying anomaly (X;) to implement hypotheses about
bottom-up forcing of prey abundance. In Monte Carlo simulations intended to represent stochastic
variability in krill recruitment it will be necessarily to generate time-series with a unique sequence of
random deviates for each trial.

Predator consumption

Since predators and prey interact via the consumption process and predator dynamics can be
affected indirectly by fishery catches, we first describe the predator consumption and catch components
of the model. We compute the stock-, SSMU-, and time-specific per-capita potential consumption of prey
from a function that is sufficiently flexible to model both Holling Type II and Type III functional
responses.
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Predators can forage in any SSMU, and p, ,_; - is the proportion of energy that predators from stock &
which breed in SSMU i obtain from SSMU j during season s. K;,/A; is the density of prey in SSMU i (4;
is the area of SSMU i ), and, therefore, the term inside parentheses is the mean prey density encountered
by predators that breed in SSMU i and feed throughout the arena of SSMUs during season s. Q,t,i,s is the
maximum potential per-capita consumption that predators from stock & which breed in SSMU i can
achieve during season s; and x; ; is the prey density at which these predators can achieve half of Q,f’,»,s .

The parameter g, ;, determines the general type of the functional response. When ¢ ; ; = 0, the functional
response is a Type Il response; when ¢, ;> 0, the functional response is a Type III response.

The potential total consumption of prey by predators from stock k£ feeding in SSMU i during time
t (€2;,,) is the product of the expected, potential per-capita consumption (€} ;, ) by these predators and

the number of predators of group & feeding in SSMU j, F, ;,p, ., ; note that subscript ; here refers to

the SSMU that predators are assigned to forage in and not the SSMU in which they breed, generally
indexed by i.

Qk,i,t = ZQ;C,_j,th,i,tpk,_/ei,s (A.6)
J

Thus, Eq. A.6 describes the potential consumption by predators feeding in SSMU i regardless of whether
they breed in that SSMU.

We then compute a measure of the relative, time-specific, mean per-capita foraging performance
of the animals from stock & that breed in SSMU i .

Q{,i,t = Q;c,i,tZ(pk,iej,s '/11‘,: 'ck,i)/QZ,i,s (A7)

J

@kw represents an index of relative foraging success in the interval [0,1], which is used to scale adult

mortality as a function of foraging success (see Eq. A.16 ), and the proportion of the adult population that
breed as a function of foraging success (see Eq. A.22), and recruitment of predators as a function of
foraging success during the first winter of life (see Eq. A.23). A;, is a factor that prorates potential
consumption to calculate the realized consumption. The coefficients ¢ ; describe the relative, competitive
strengths of the predators from stock & that forage in SSMU i. When a predator that breeds in SSMU i

feeds in SSMU j, that predator adopts the competition coefficient ¢;;. We set 4,, =c¢, ; =1 when the

available abundance of prey is not limiting. Note that relative foraging performance is computed across
all areas in which the predators from stock & that breed in SSMU i feed (where feeding SSMUs are
indexed by j).
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Catch

Allocated catches, ©,,, are determined by the selection of an allocation option. These options

represent a variety of candidates for allocating an overall catch limit for prey among SSMUs.
®,, =(By-7-p. /W) 1. (A8)

By is the initial biomass of prey in all SSMUs combined (this can be input by the analyst or taken from a
previous run, see Appendix B: Initial Conditions), and vy is the overall exploitation rate for the entire set of
SSMUs being considered. The analyst can input y or it can be computed from the ratio L/By, where L is a
catch limit that is input by the analyst. Since our accounting of prey population dynamics is in abundance
(e.g., Eq. A.1) and we do not model prey growth, we use an SSMU-specific estimate of average weight
(w; ) to convert between prey biomass and numbers. The parameters f;; set the proportion of the annual

catch allocated for SSMU i that is to be taken, as far as possible given the possibility of limiting prey
abundance and competition with predators, in season s. The parameters f;, facilitate extreme flexibility
for setting up fishing scenarios. For example these parameters enable the analyst to model temporal
mismatches between the potential consumption of prey by predators and catches that are allocated to the
fishery.

SSMU-specific allocation fractions, p, ,, are determined in a two step process. First, initial

SSMU-specific allocation fractions, p',, are prescribed by a Catch Allocation Option that is selected by

the analyst. For the current study, we compared three of the five options suggested by Hewitt et al.
(2004): allocate catch on the basis of historical catches (Catch), allocate catch on the basis of estimates of
predator demand (Demand), and allocate catch on the basis of estimates of prey standing stock (Stock).
Note that three other options, including one based on the difference between standing stock and predator
demand (Hewitt et al. 2004), one that involves adjusting the allocation among areas on the basis of an
ongoing monitoring program, and one that allocates catch among SSMUs on an arbitrary rotating basis,
are also implemented in the model but not described here.

CHJ/Z Cy, Catch
pi=9W, ZQk,i,O/Z (Wizgk,i,o] Demand (A.9)
k i X
B, / B, Stock

Cy; 1s the historical catch in SSMU 7, ZQ %0 1s the initial demand for prey (in numbers) by all
k

predator stocks that feed in SSMU i. B, is the initial standing stock of prey (in biomass) in SSMU i, and

D B,=B,.
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The final SSMU-specific allocation fractions, p, , can be calculated with both trial-specific log-
normal observation error , exp(a,) and bias, b:

,
P, =b-p'-exp(a,), where a, ~N( ; ,sz (A.10)

Note that in our analysis, we set b = 1, so bias was not simulated. The CV on the observation error was
set to 20%. We also used the approach described for the Catch option to implement our Current option
(allocate catch to represent current management), using the Cy; values in Table B4 (Appendix B).

We discriminate both between allocated and realized catches and between the predators’
potential and realized consumption of prey. The state variables ®;, and ZQ x.i. Tespectively describe
k

the allocated catch and total potential consumption of prey in SSMU i during time ¢ by all predators
foraging in SSMU 7, and we use these state variables as the basis for computing the realized catch and
consumption. The state variables C;, and ZQ’W respectively describe the realized catch and realized

k
consumption (where the sum is across the predator stocks indexed by £, and the maximum value of this
index may be as large as four times the number of SSMUs being considered in the application) in SSMU
i during time ¢.

Such discrimination between potential removals and actual removals of prey is necessary because
the abundance of prey in any given SSMU at any given time may not be sufficient to support both the
allocated catch (the catch prescribed by one of the candidate management procedures) and the potential
consumption (the consumption prescribed by various functional response curves). When the sum of the
allocated catch and potential consumption is less than the available abundance of prey in an SSMU, we
set the realized catch equal to the allocated catch and the realized consumption equal to the potential
consumption. When that sum of the allocated catch and potential consumption is greater than the
available abundance of prey, realized catch may be less than the allocated catch and predators may
consume less than their potential, depending on the relative competitive strengths of the fishery and the
predators.

Importantly, we do not reduce removals due to non-predation mortality and movement when
predator demand and the allocated catch exceed prey availability. Rather, the “balance” of prey that
would remain after natural mortality and movement occur (if such a balance exists) is divided between
realized catch and realized consumption on the basis of an SSMU-specific set of competition coefficients.

o, 1f(®l.,t +%Qk,i’th(5i .Kl.,t)
C, =10 if (Ki,t -wij/Al. <1, (A.11)
¢ .-®,. otherwise
1, F,l 1,t
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Yo, (e, +Tay)<bk,)
k

Qi’ . ’ (A.12)
Zk: bt ﬂ“i,tZ(Ck,i.Qk,i,t) otherwise

k
PR T A13
e,y P

Here, 6; is the proportion of prey present in SSMU i that are actually available for harvest and predation.
Setting J; = 1 amounts to assuming that all prey in an SSMU are available for harvest and consumption,
subject to the constraint that non-predation mortality and movement will out compete fishing and
predation mortalities when prey are limiting. 7, is the SSMU-specific threshold prey density (in g'm™)

below which the fishery stops operating. /;, is a factor that prorates the allocated catch and potential
consumption to calculate the realized catch and consumption. cg; is a coefficient that describes the
competitive strength of the fishery relative to the competitive strengths of other predators that forage in
SSMU i. The coefficients ¢, ; describe the relative, competitive strengths of the predators that forage in
SSMU i. Fig. A2 graphically represents how realized catch and consumption deviate from the allocated
catch and potential consumption.

FIG. A2. Illustration of how realized
catch and consumption changes with
available prey abundance (Eqgs. A11- Potential
13). The thick black line represents consumption —
realized consumption; the thick dashed % g COw
line represents realized catch. Below £ ﬁ
the critical density, the fishery catchis g ?
0. When prey availability exceeds total % =
demand, realized consumption and 2 ° Allocated
catch equal potential consumption and catch
allocated catch. In between, realized (O
catch and consumption decline based !
on the ratio of prey availability to -——— i
demand for prey. For example if Crit:i cal Kl a\:ailability
demand is 10 but availability is 5, fishery meets total
predator consumption and realized threshold demand
catch are reduced by 50% (assuming &yw) /4 =n  E Rt 0y =5K)
equal competitive abilities).
Krill abundance

Since we account for both realized catch and consumption in numbers of prey and model
mortality and movement as competing, continuous risks (e.g., Eq. A.1), we use an iterative root finder
(Brent 1973) to solve for the sum M2;, + F;, in an analog to the Baranov catch equation.
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M2 +F
C,+ Z O = #[1 - exp(— Z, =3V, DK,.,, (A.14)
k Zi,t + sz‘—n’,s J#

J#i

J#

Predator dynamics

The current implementation of the model allows up to four stocks of predators to occur in each
SSMU and the equations governing the dynamics of each stock are the same (with abundance trajectories
determined by stock-specific parameter values). The abundance of adult predators from stock & that breed
in SSMU 7 at time #+1 (P,,.,) is a function of mortality during the preceding season (M ;) and
recruitment (R}, ). Note that i identifies the SSMU in which predators breed or to which they recruit.

Beivr =i (exp(— Mk,i,s )"' Chiv )+ R i (A.15)

M, is the mean, instantaneous natural mortality rate for predators from stock 4 in season s and SSMU i,

and £, ;, is a survival anomaly for stock & that occurs in SSMU i at time .

— (ot _
Cove=Zens| O Tz, oxpl- My ). (A.16)

The survival anomalies, £, ,,, are determined as a function of two parameters: the season-specific

proportion of potential temporal variation in survival that is explained by variations in mean, per-capita
foraging performance of the animals from stock & that breed in SSMU i, z; ; ., and the level of foraging

performance that distinguishes a “good” year from a “bad” year, v, , . A relative foraging success greater
than v, ,  results in a positive survival anomaly while relative foraging success less than v, ; & results in
a negative survival anomaly. The magnitude of the anomaly is scaled by z; ; ., with greater values
resulting in larger anomalies as the relative foraging performance departs from the switch point (v, ; ).
The parameters z; ; ¢ and vy ; ¢ should be set on the interval [0,1], but note that the model is
implemented so that if the analyst sets either z, ; =0 or v, ; - =0, then survival is constant at the mean

level M . For our simulations, the survival anomaly was set to 0. Note that Eq. A.16 was developed from
the assumption that the relative amount of variation in survival explained by foraging performance is
proportionally symmetric on either side of the mean survival. For reference, its functional form is shown
in Fig. A3.
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FIG. A3. Functional form of the survival anomaly implemented in the model. Positive survival
anomalies occur when foraging performance is greater than the switch point (v). The magnitude of the
anomaly is then scaled by z, with greater values resulting in larger survival anomalies as foraging
performance departs from the switch point. Survival anomalies will be larger (1) when the difference
between foraging performance and the switch point grows and (2) if the proportion of annual survival
that is attributable to foraging performance is large. For the figure, the mean mortality rate was set to
0.066, a typical value used for penguins in the current implementation of the model.

We use a “gamma” stock-recruitment model (e.g., Quinn and Deriso 1999) for predators. The
recruitment of predators from stock £ in SSMU i at time ¢ (R';,) is a function of both the total abundance

of adults that could breed ( 7, ) and the effective number of reproductively active adults (IB,C’i’,_ o)

it=pi
that were present during a previous time. The lag is again determined by the age at which individuals
recruit to the adult stock, but, for predators, the age at recruitment is stock- and SSMU-specific (p').

’ _ [ B }/I:,i.s 1]
Riii =0 (})k,i,tfpk,,- ) exp(— ﬂk,f,s '})k,i,tfph ) (A.17)

For a given value of the ratio ﬁk,w / P, ,. » the stock-recruitment function is dome-shaped, and the stock-,

season-, and SSMU-specific rate at which recruitment both approaches and departs from its peak level is
determined by an interaction among the three parameters a';;; (the maximum per-capita production of
offspring at low adult abundance when all adults breed), §' ;s (the level of density dependence at high
adult abundance regardless of breeding status), and y';s. As y%.:, approaches zero, the recruitment
function becomes more similar to a Beverton-Holt model, with less overcompensation at high adult
abundances. When y’;, = 1, the recruitment function is a Ricker model. When y’;;; > 1, the recruitment
function is depensatory (i.e., the recruitment declines strongly with decreasing adult abundance when
adult abundance is low). If y’;; <0, the model is not a valid stock-recruitment function because the curve
does not go through the origin (Fig. A4).
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FIG. A4. Example stock-recruit relationships from the gamma model, including a Beverton-Holt-like
model (y'= 0.2), a Ricker model (y'=1), and a depensatory model (y' = 2.3). The effect of three
different breeder ratios on the stock-recruitment function is demonstrated.

In practice, it can be difficult to identify plausible values for f';; and y's ;. We have, therefore,
implemented an alternative parameterization of Eq. A.17. This parameterization is motivated by noting

that, when £';,> 0, ;s > 0, and IN?,U-J /Pk,,-,, =1, there is an analytical solution for the x-y pair of adult

abundance that produces the peak recruitment to stock k& in season s and SSMU i (Speak ;) and the peak
recruitment when all adults breed (Rpeak; ;).

Speak, , , = ’ — (A.18)
k,i,s
’ Vi s
Rpeakk,i,s = al’c,i,s[ yk,’i’S J ) exp(— 7//:,i,s) (A.19)
k.,i,s

Egs. A.18 and A.19 thus imply an alternative parameterization that requires the analyst to specify a'y;s,
Speak; ;s, and Rpeak; ;s; we then compute S’ ;s and 7', from these inputs.

' _ ln(Rpeakk,i,s /allc,i,s)

) A.20

}/k,l,s ln(Speakk,i,s )_ 1 ( )
) Viis

ﬂk”’s Speakk,[,s | |

The model explicitly separates each adult stock of predators into two categories: breeders and
non-breeders. This separation is provided by modeling recruitment as a function of the effective number

of reproductively active adults ( IB,W ). We use a relative measure of foraging performance to scale the

total number of adult predators from stock & that breed in SSMU i and compute ﬁk)i’, .
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Ec,i,z = Pk,i,t(_k,i,t)ﬁu (A.22)

The parameter ¢ ; , determines the shape of the scaling function relating 131(,,;; to Py;.. When @, <1,
relative per-capita consumption has an hyper-stabilizing effect on the relationship between IN’,{J-J and Py,

(i.e., the ratio B, /P, ;, decreases slower than O, ;, as the latter decreases from 1 to 0). Setting ¢, <1

can be used to describe diet switching by the predators or to describe situations in which the predators
forage where external factors (e.g., oceanography) concentrate prey regardless of their abundance at the

SSMU scale. When ¢,:,i,s > 1, the ratio ﬁk’i,t /Pk,i,t decreases faster than QU.J (an effect known as hyper-
depletion). Setting ¢,;’i7s >1 might, for example, be used to describe a situation in which predator
foraging requires a threshold level of prey patchiness and this threshold is rapidly crossed as prey
abundance changes. When ¢, ; , =1, the ratio Pﬁk’i’t /Pk’i’t is equal to Oy, , and, thus, the effective number
of breeding adults from stock £ in SSMU i during season s is proportional to the mean relative foraging
performance of the individuals in that stock. Figure A5 demonstrates how the ratio IN’k’i,t / Py, changes for

different values of ¢, , . across the range of foraging success, 0, ;, -

Finally, a shape parameter, Jphi, is used to modify predator recruitment. Jphi scales potential
recruitment on the basis of the mean, per-capita foraging success (0, ;, ) during the first winter of life.

R'=R(Q,,)"" (A.23)

When Jphi < 1, realized recruitment will decline slower than foraging performance, a hyper-stable
condition. When Jphi = 1, realized recruitment will decline in direct proportion to declines in foraging
performance. When Jphi > 1, realized recruitment will decline faster than foraging performance, a hyper-
depleting condition. Figure A5 demonstrates how the ratio R"/R’ changes for different values of Jphi

across the range of foraging success, O, ;, .
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FIG. AS. Effect of ¢, ; . on the ratio of effective breeding population size to total population ( IN’,{J’, /P,w.,t )

and the effect of Jphi on the ratio of realized to potential recruitment ( R"/R"). A stable relationship is

illustrated for parameter values equal to 0.37. The linear relationship results from parameter values equal
to 1. A hyper-depleting relationship arises when the parameter values exceed 1.
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APPENDIX B: Parameterization and conditioning
Initial Conditions

The model is initialized from a set of input parameters and state variables for a suite of generic
predators; many of these are represented by SSMU- and season-specific values. Table B1 provides the
species composition of the generic predator groups by SSMU. Tables B2 and B3 provide descriptions of
the parameters and variables that the analyst controls (see also Appendix A). Table B4 provides
information that determines the spatial scale of the model via estimated areas of each SSMU and
estimates of historical catches of krill in each SSMU. Tables B5 though B15, B17, and B18 provide the
values for parameters that were common to all of the four input parameterizations. Table B19 provides
scenario-specific estimates of the allocation of the regional catch limit to individual SSMUs under each
Catch Allocation Option.

The analyst can specify either the initial abundance of, or the initial total potential consumption
by, predators in each SSMU and the model uses the per-capita potential consumption of krill to calculate
the alternate parameter. The model can also be initialized from the results of a previous run, which allows
the analyst to find a desirable condition (e.g., an equilibrium condition) and start further simulations from
that point.

Our simulations were initialized in the year 1970 by back-calculating from estimated abundances
of krill and predators according to the methods identified in Hill et al. (2008). For example, krill density
estimates available for 2000 were simply doubled to reflect the plausible 50% decline in krill abundance
from 1970 to 2000. Predator abundance estimates were constrained by the population growth rates in Hill
eta 1. (2008) and our Table 1. Each of the four scenarios in the reference set was run through the spin-up
period 1970-2006 to generate starting points for forward simulation. Below, we describe the derivation of
these scenarios, each of which includes input parameters that were common to all scenarios, input
parameters that specify the particular limits on key uncertainties represented by that scenario, parameters
that were estimated to set initial conditions in 1970, and parameters that were estimated through
conditioning on the plausible representation of past dynamics.

Input parameters

The input parameters were largely taken from and described by Hill et al. (2006, 2007, 2008) and
Fielding et al. (2011) (see Tables B2 and B3 for specific sources). The exceptions were stock-recruitment
parameters; predator foraging distributions; and those parameters describing the relationship between krill
biomass, predator reproductive success and predator survival rates. For these parameters, data were
unavailable to estimate initial conditions on the spatio-temporal scale of the model. We therefore made
strong assumptions to develop a set of plausible parameter values that produced quasi-equilibrium
conditions. We describe the derivation of these parameters below. We note that subsequent conditioning
adjusted the values of some of these parameters and therefore relaxed the assumption of stable initial
conditions.

There is little information available on the functional responses of predators in the study area.
Reid et al. (2005) studied the relationship between krill density and predator reproductive performance at

South Georgia, and this might serve as an indicator of the shape of the functional response. Most of the
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significant responses observed by Reid et al. (2005) were saturating (Holling type II) and we simulated
type Il responses for all predators (g, , = 0; Tables B3, B5-Bg). We arbitrarily set the half saturation

constant (k; , ;) within the lower 10" percentile of observed SSMU scale krill densities (Hewitt et al

2004). We also assumed that central place foragers (penguins and seals) had higher half saturation
constants than predators with wider foraging ambits or lower consumption/biomass ratios (whales and
fish; Tables B5-B8).

For each sub-population of seals and penguins, the breeder abundance that produces maximum
recruitment ( Speak, ;, ) was assumed to be 65% of the maximum abundance of each population over the

period 1970-2007 as estimated by Hill et al. (2008). For seals, maximum abundance occurred in 2007 for
all SSMUs. For penguins, maximum abundance occurred in 1977 for SSMUs 1-12, and in 1980 for
SSMUs 13-15 (Hill et al. 2008). For whales, abundance is still considered to be increasing. Thus, we
assumed that the abundances reported for 1970 by Hill et al. (2008) represented 10% of the potential
abundance for all SSMUs. The abundance of breeding whales that produces maximum recruitment was
then calculated as 65% of that estimated potential abundance.

In the input parameterizations we set Jphi to predator-specific values; recall that Jphi scales
recruitment of predators based on over-winter foraging success. We set Jphi = 0 for whale populations,
because whales do not occur in our model arena during the austral winter and therefore winter conditions
in the model arena do not directly affect their survival. For seals, we set Jphi = 0.1, implying that the
survival of juvenile seals is hyper-stable relative to foraging performance during winter (J. Forcada,
personal communication) (Table B6). For penguins, Hinke et al. (2007) reported that winter conditions in
the Scotia Sea are likely to affect juvenile survival. Exploratory simulations with the model suggested an
inverse relationship between the effect of foraging performance on determining the size of the breeding
population (a relationship governed by ¢; ; ., which defines our stable and linear parameterizations) and

the effect of over-winter foraging performance on recruitment (juvenile survival). This implied a trade-off
between ¢, ; ; and Jphi so we arbitrarily set Jphi = 0.37 in the linear parameterizations and Jphi = 1 in our

stable parameterizations. These values were estimated anew during the conditioning process (Table B18)
but we used the input values to develop the rest of the base conditions.

After specifying the breeder abundances that produce maximum recruitment and the input values
for Jphi, we set, for all predator sub-populations, an SSMU-specific maximum recruitment attainable

when all adults breed ( Rpeak, ; | ). We set these maximum recruitment values to make initial population

growth rates for every predator sub-population in the model consistent with the population growth rates
specified for 1970 in Hill et al. (2008). Briefly, for whales, initial growth rates were assumed to be 5.6%
per annum in SSMUs 1-12, and 5.7% in SSMUs 13-15. Initial growth rates of seal populations in all
SSMUs were assumed to be 11.66%. For penguins, initial growth rates were assumed to be 7.5% in
SSMUs 1-12 and 0% in SSMUs 13-15.

No fish parameters were adjusted in the conditioning process, because no guidance was provided
about historical changes in fish populations. Therefore, for all simulations in the current paper, the
recruitment parameters of fish were set to achieve a quasi-equilibrium condition of 0 population growth.
This was achieved by first setting the level of recruitment, «; ,,, to an arbitrary value of 10, representing

the expectation that myctophid populations, at least, should be able grow rapidly under favorable
conditions. There is little information on stock-recruit relationships for fish in the study region, and so we
set Speak; ; ; at a level 1-6% higher than initial abundances reported by Hill et al. (2007). Next, Rpeak;
was set so that the initial population growth rates of fish in each SSMU were equal to 0.
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Note that in all cases, we simulated predator and prey reproduction in the first season (summer)
only. Therefore, recruitment parameters do not apply to the second season (winter).

Predator foraging distribution

We assumed that all predators forage exclusively in their home SSMUs during the summer
season and that fish remain resident year round. This assumption for fish is likely to be valid for demersal
species as most of the island shelves are isolated from each other. There are no data at the appropriate
scale for mesopelagic species. Furthermore, the distribution of fish abundance that we used incorporates
substantial assumptions which remain to be tested (Hill et al. 2007), and there is little justification for
further modifying these assumptions. We also assumed that baleen whales do not feed in the SSMUs or
boundary areas in the winter and we did not parameterize their winter foraging distribution. For penguins
and fur seals we assumed the distribution of winter foraging amongst the different habitat types shown in
Table B9; this was based on consultation with experts (Hill et al. 2006). We calculated consumption-
weighted averages for generic penguins in each SSMU following Hill et al. (2007). We then divided krill
demand amongst SSMUs according to the proportion of relevant habitat types in each:

C, 0,
Pj(rz‘)zlj'Pi(ri)"' —.P()+———P(I) (B.1)

N N

2.C 2.0

k=1 k=1

where P, (I';) is the proportion of its krill requirement that a predator from SSMU i attempts to obtain

from SSMU j, and P.(I';) and P, (I',) are the proportions it attempts to obtain from shelf and off-shelf

areas respectively; /; is a Boolean with value 1 if i=j and 0 otherwise, Cj is the total shelf area and Oy the
total off-shelf area in SSMU £k and s is the total number of SSMUs. The resulting winter foraging matrices
for each predator are shown in Tables B10 through B13.

Prey recruitment

Krill recruitment in each SSMU was set to be largely independent of stock-size effects and to
meet predator demand under initial conditions. This was achieved by first setting 3, , for krill to an

arbitrary value of 10° in all SSMUs. This is small relative to the initial abundance of krill in each SSMU
(1.23 x 10" to 4.90 x 10") based on the observation that strong recruitments can follow small stocks sizes

(Siegel and Loeb 1995, Siegel 2005). In developing no-movement scenarios, we then set ¢, | for krill

equal to the annual total predator demand in each SSMU. In developing scenarios that include krill
movement among SSMUs and the boundary region, the mean abundance of krill in each boundary area
was set in conjunction with prey recruitment in each SSMUs to meet predator demand. Additionally,
under the movement scenarios, krill recruitment in subarea 48.3 was fixed at <1% of predator demand of
the comparable no-movement scenarios to be consistent with the hypothesis that local recruitment of krill
is near 0 in subarea 48.3. Thus, different prey recruitment and boundary area abundance parameters were
used in the movement and no movement scenarios (Table B14, B15).

Parameters estimated through conditioning

The final reference set of scenarios was produced by conditioning each of the four input
parameterizations on predator abundance estimates representing plausible dynamics for the period 1970

Kirill ecosystem dynamics model APPENDIX B 3



to 2007 (Hill et al. 2008). Only predator recruitment parameters were adjusted during this conditioning
process. These adjustments were made at the SSMU-scale and a different set of parameters was adjusted
for each predator taxon (Table B16). No fish parameters were adjusted as Hill et al. (2008) did not include
information on fish dynamics.

We used an exponential penalty function to ensure biologically plausible stock-recruit parameters by
constraining the ratio of Rpeak:Speak to values below 1 for seals and 2 for penguins. Hill et al. (2008)
provided an “empirical abundance estimate” for one year in the period 1970 to 2007 for each relevant
predator subpopulation. We indentified starting values for the parameter Rpeak for each relevant
subpopulation by conditioning the model on these abundance estimates. We obtained two further data
points from Hill et al. (2008) for each relevant subpopulation. These data points represented abundance in
2007 and an earlier, subpopulation-specific, inflexion point in the abundance trajectory. We minimized
the following objective function to estimate the best fit predator recruitment parameters for each relevant
subpopulation:

Z‘szt_ kit

: (B.2)
kit ])klf

where B, is the model estimate of the abundance of predator subpopulation , in SSMU j, at time ¢ and

P;(,i,; is the corresponding estimate from Hill et al. (2008). In both stages of conditioning (estimating

starting values of Rpeak and estimating final values for all relevant parameters) the predator abundances
in 1970 were those specified in the input parameterizations. Figures B1-B4 show the model fits to the
data in Hill et al. (2008) for each scenario in the reference set and Tables B17 and B18 list the adjusted
stock-recruit parameters for each predator group.
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TABLE B1. Species composition of generic predator groups by SSMU. Note that all seals represented in the model are Antarctic fur seals and all
whales in the model are baleen whales. Baleen whales feed in all SSMUSs in the model, but were grouped into two pelagic subpopulations for
computational ease. Parameter values for fish were separately estimated for myctophids and perciform fishes and subsequently combined to
represent generic fish as a mixture coastal fish (perciforms) and pelagic fishes (myctophids) as detailed by Hill et al. (2007). The fish species listed
are representative examples used to derive parameters which were used to model krill-eating fish community.

T Speci C SSMU
axa pecies omumor name 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Penguins Pygoscelis adeliae Adélie penguin X X X X X X X
Pygoscelis papua gentoo penguin X X X X X X X X X X X
Pygoscelis Antarctica chinstrap penguin X X X X X X X X X
Eudyptes chrysolophus macaroni penguin X X
Seals Arctocehpalus gazella Antarctic fur seal X X X X X
Whales Balaenoptera physalus fin whale X X
Megaptera novaeangeliae  humpback whale X X
Balaenoptera bonaerensis ~ Minke whale X X
Eubalaena australis southern right whale X X
Balaenoptera musculus blue whale X X
Balaenoptera borealis Sei whale X X
Fish (Myctophids) Gymnoscopelus nicholsi Nichol’s lanternfish X X X X X X X X X X X X X X X
Electrona antarctica Antarctic lanternfish X X X X X X X X X X X X X X X
Fish (Percifromes) Champsocephalus gunnari  Mackerel ice fish X X X X X X X X X X X X X X X
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TABLE B2. Model parameters and state variables for prey populations and the fishery whose values can

be set by the analyst. The final column indicates values used in to simulate the period nominally

representing 2007 to 2046. Subscript i indexes areas (SSMUs and boundary areas); subscript s indexes

seasons; and subscript # indexes time more generally.

Parameter or

Variable Description Eqgs. Values used
Movement scenarios: Visii and Visin from Hill et al.
instantaneous rate of o .
Visis movement from area i to arca j A1, A14 (2007) Tables 3 & 4 respectively.
No movement scenarios: Viin =Visja~ 0
instantaneous rate of natural, _
MO, S non-predation mortality A2 MO, s=0
Q,; | : See Table B14.
a; maximum recruitment A3 '
’ a; ,=0
adult abundance that produces 3
: . . . =P, =1
ﬁ’v“ half of maximum recruitment A3 ’6 il ﬁ i =10
age at recruitment to adult =7
P stage A3 P
scalar that mediates
¢l-’s environmental effects on krill A3 ¢i,1 = ¢i)2 =1
recruitment
X .env1ronr.nental 1ndex A3 X =-0691
¢ influencing recruitment 4
2 process variance in 2 )
o In(recruitment) A4 0" =049 (inputas 0=10.7)
By fraction of abundance.avallable A11-A13 5.=0.95
! for harvest and predation i
Ki’O/A[ in 1970 is 2x the density reported in Table 4 of
K; 0 / 4; initial density A5 Fielding et al. (2011). SSMU-specific initial densities were
allocated after Hewitt et al. 2004
w e weight of an individual =, ¢ 4 o W, = 0.46 (Hill et al. 2007)
Cy. historical catch of krill A9 C}; ; from Hill et al. (2007) Table 2
A,. area of the SSMU AS5,A11 A, from Hill et al. (2007) Table 2
Fishing case : ¥ =0.093
V4 overall harvest rate A8 No-fishing case: 7 =0
L precautionary catch limit see A.8 Not used.
threshold krill density (g ‘m™)
7, that sets C“ ZF;I =0 Al 77,=0.15
K it abundance of krill 21’15\3{25 See Table B15 for abundance in boundary regions.
. . Values 1-3 for the Catch (& Current), Demand and Stock
SSMU allocation option A9 options respectively, or NULL for the no-fishing case.
7 proportion of allocated catch AR SSMUs 1 to 12: f"J =5 Jin=0
. taken in season s SSMUs 1310 15: f; ,=0; f,=1
cr competitive strength of fishery A1l Cr = 1

relative to those of predators
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TABLE B3. Model parameters and state variables for predator populations whose values can be set by the
analysts. The final column indicates values used in the present simulations. Subscript £ indexes predator
populations; subscript i indexes areas (SSMUs and boundary areas); subscript s indexes seasons; and
subscript ¢ indexes time more generally.

Parameter or

Variable Description Egs. Value
_k is mean instantaneous rate of natural mortality A.15,A.16 Mk s from Hill etal. (2007)
v Table 14.
level of foraging performance that distinguishes a _ _
Vs good year from a bad year Al6 Vkin =V =0
proportion of potential variation in survival that is
Zyis explained by variations in mean per-capita foraging  A.16 Zpin= Zpin=0
performance
p,: ; from Hill et al. (2007) Table
!/ . ’
Pri age at recruitment to adult stage A.17 14, except for fish (see Table B5-
BS8)
;. from Hill etal. (2007) Table
! —
o maximum per-capita recruitment at low adult A.17,A.19, 14, except for fish where ar).;, =
ki abundance when all adults breed A.20 10.
Reproduction in season s is
suppressed with a,'{’i,s =0
Rpeak ki maximum recruitment when all adults breed A.19,A.20 See Tables B5-B8, B17, B18
Spea kk adult .abundance that produces maximum A.18, A.20, See Tables B5-BS, B17
LS recruitment A2l
. . . ’ _
' shape parameter determining ratio of effective AR Linear scenarios: @y ;=1
ki breeder abundance to adult abundance ’ Stable scenarios: ¢, 117037
*
QZ is maximum per-capita potential consumption A5, AT Qk As8 from Hill et al. (2007) Table
’ 15.
shape parameter that scales potential recruitment
Jphi based on mean per-capita foraging success during A.23 See Tables B5, B6, BS, B18
the first winter of life
K, krlll.dens1ty at whlch predatlors achieve half of AS See Tables B5-BS
oS maximum potential per-capita consumption
. =0 (Type II functional
r.is functional response shape parameter A5 Dris 0 (Type IT functiona
response).
proportion of krill-derived energy that predators .
Pricjs breeding in SSMU i obtain from SSMU j A3, A6 AT See Tables B10-B11
competitive strength of predators relative to that of _
Cri the fishery A7,A.12 Cpi=1
initial potential demand for krill by a single predator .
Qk,i,O stock breeding in SSMU i A.6,A9,A.12 Notused as input
o . - from Hill et al. (2 Tabl
k.00 initial abundance of predators that breed in SSMU i 2?’7’:1252’ Pk”’o rom Hill et al. (2007) Table
i 15.
init.type specifies whether initial abundance is input directly init.type=N (input as abundance)

or determined from consumption
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TABLE B4. Model input parameters describing the area and historical catch in SSMUSs (1-15) and
boundary areas (16—18). Historical catch is aggregated over the seasons 2002—2006 (where the label
refers to the first calendar year in a season running from September to August).

Area A (m?) C};; (tonne)
1 422,076,000,000 428
2 35,060,000,000 615
3 15,068,000,000 95769
4 15,584,000,000 16898
5 21,017,000,000 16028
6  27,447,000,000 23802
7 35,322,000,000 10067
8 58,704,000,000 0
9 809,163,000,000 2737

10 15,569,000,000 195144
11 10,251,000,000 5982
12 14,954,000,000 208
13 919,534,000,000 1047
14 42,119,000,000 59838
15 53,735,000,000 147495
16 1,880,000,000,000 NA
17 780,000,000,000 NA
18  524,000,000,000 NA
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TABLE BS. Model input parameters common to all scenarios in the reference set for whales. Values for ¢, ; . were set to 0.37 for all stable

scenarios and to 1.0 for all linear scenarios. Note that whale abundance was only modeled in SSMUs 1 and 9, but that foraging can occur
throughout the model arena (Table B10).Blank spaces indicate that the parameter does not apply to that season.

SSMU ,D]L ; inittype Pk,i,O Jphi Mk,i,s Uk,i,s Zk,i,s allc,i,s Speakk,i,s qk,i,s Qk,i,s Kk,i,s
First season (summer)
1 5 N 2680 NA 0.035 0 0 0.1077 17420 0 119,440,271 15
2 5 N 0 NA NA NA NA NA NA NA NA NA
3 5 N 0 NA NA NA NA NA NA NA NA NA
4 5 N 0 NA NA NA NA NA NA NA NA NA
5 5 N 0 NA NA NA NA NA NA NA NA NA
6 5 N 0 NA NA NA NA NA NA NA NA NA
7 5 N 0 NA NA NA NA NA NA NA NA NA
8 5 N 0 NA NA NA NA NA NA NA NA NA
9 6 N 2970 NA 0.029 0 0 0.1032 19305 0 131,401,312 15
10 6 N 0 NA NA NA NA NA NA NA NA NA
11 6 N 0 NA NA NA NA NA NA NA NA NA
12 6 N 0 NA NA NA NA NA NA NA NA NA
13 6 N 0 NA NA NA NA NA NA NA NA NA
14 6 N 0 NA NA NA NA NA NA NA NA NA
15 6 N 0 NA NA NA NA NA NA NA NA NA
Second season (winter)

1 0.035 0 0 0 NA 0 0 15
2 NA NA NA NA NA NA NA NA
3 NA NA NA NA NA NA NA NA
4 NA NA NA NA NA NA NA NA
5 NA NA NA NA NA NA NA NA
6 NA NA NA NA NA NA NA NA
7 NA NA NA NA NA NA NA NA
8 NA NA NA NA NA NA NA NA
9 0.029 0 0 0 NA 0 0 15
10 NA NA NA NA NA NA NA NA
11 NA NA NA NA NA NA NA NA
12 NA NA NA NA NA NA NA NA
13 NA NA NA NA NA NA NA NA
14 NA NA NA NA NA NA NA NA
15 NA NA NA NA NA NA NA NA
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TABLE B6. Model input parameters common to all scenarios in the reference set for generic seals. Values for ¢, ; ; were set to 0.37 for all stable

scenarios and to 1.0 for all linear scenarios. Blank spaces indicate that the parameter does not apply to that season.

SSMU  py;  inittype B ;o Jphi M,.o Uris Ziis Apis Diis Qk,i,s Kiis
First season (summer)
1 NA NA NA NA NA NA NA NA NA NA NA
2 NA N 0 NA NA NA NA NA NA NA NA
3 4 N 413 0.1 0.131 0 0 0.398 0 3,507,360 20
4 4 N 7 0.1 0.131 0 0 0.398 0 3,507,360 20
5 NA N 0 NA NA NA NA NA NA NA NA
6 NA N 0 NA NA NA NA NA NA NA NA
7 4 N 34 0.1 0.131 0 0 0.398 0 3,507,360 20
8 NA N 0 NA NA NA NA NA NA NA NA
9 NA N 0 NA NA NA NA NA NA NA NA
10 NA N 0 NA NA NA NA NA NA NA NA
11 NA N 0 NA NA NA NA NA NA NA NA
12 NA N 0 NA NA NA NA NA NA NA NA
13 NA N 0 NA NA NA NA NA NA NA NA
14 4 N 70208 0.1 0.131 0 0 0.398 0 3,507,360 20
15 4 N 70 0.1 0.131 0 0 0.398 0 3,507,360 20
Second season (winter)

1 NA NA NA NA NA NA NA
2 NA NA NA NA NA NA NA
3 0.131 0 0 0 0 2,260,218 20
4 0.131 0 0 0 0 2,260,218 20
5 NA NA NA NA NA NA NA
6 NA NA NA NA NA NA NA
7 0.131 0 0 0 0 2,260,218 20
8 NA NA NA NA NA NA NA
9 NA NA NA NA NA NA NA
10 NA NA NA NA NA NA NA
11 NA NA NA NA NA NA NA
12 NA NA NA NA NA NA NA
13 NA NA NA NA NA NA NA
14 0.131 0 0 0 0 2,260,218 20
15 0.131 0 0 0 0 2,260,218 20
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TABLE B7. Model input parameters common to all scenarios in the reference set for generic penguins. Values for ¢, ;  were set to 0.37 for all

stable scenarios and to 1.0 for all linear scenarios. Blank spaces indicate that the parameter does not apply to that season.

SSMU Pk init.type Bio Miis  Oris Ziis @i, Speaky, Gy, Oris Kiis
First season (summer)
1 NA N 0 NA NA NA NA NA NA NA NA
2 4 N 241,540  0.083 0 0 0.199 260,472 0 676,754 20
3 3 N 71,164  0.112 0 0 0.233 76,742 0 554,859 20
4 3 N 1,183,090 0.112 0 0 0.221 1,275,823 0 546,937 20
5 3 N 1,079,278  0.112 0 0 0.222 1,163,874 0 547,800 20
6 4 N 259,496  0.081 0 0 0.190 279,836 0 684,375 20
7 3 N 852,001  0.112 0 0 0.220 918,782 0 546,148 20
8 5 N 715,053  0.059 0 0 0.144 771,100 0 797,203 20
9 NA N 0 NA NA NA NA NA NA NA NA
10 3 N 1,812  0.112 0 0 0.219 1,954 0 545,793 20
11 5 N 463,307  0.060 0 0 0.146 499,622 0 791,914 20
12 3 N 1,588,430  0.099 0 0 0.203 1,712,934 0 594,790 20
13 NA N 0 NA NA NA NA NA NA NA NA
14 5 N 6,642,811  0.042 0 0 0.108 4,317,827 0 494,138 20
15 4 N 564,496  0.066 0 0 0.184 366,922 0 536,057 20
Second season (winter)

1 NA NA NA NA NA NA NA NA
2 0.083 0 0 0 NA 0 481,040 20
3 0.112 0 0 0 NA 0 446,368 20
4 0.112 0 0 0 NA 0 449,224 20
5 0.112 0 0 0 NA 0 448911 20
6 0.081 0 0 0 NA 0 486,200 20
7 0.112 0 0 0 NA 0 449,510 20
8 0.059 0 0 0 NA 0 528,720 20
9 NA NA NA NA NA NA NA NA
10 0.112 0 0 0 NA 0 449,638 20
11 0.060 0 0 0 NA 0 526,953 20
12 0.099 0 0 0 NA 0 464,345 20
13 NA NA NA NA NA NA NA NA
14 0.042 0 0 0 NA 0 489,791 20
15 0.066 0 0 0 NA 0 467,405 20
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TABLE B8. Model input parameters common to all scenarios in the reference set for generic fish. Values for ¢ ; - were set to 0.37 for all stable

scenarios and to 1.0 for all linear scenarios. Blank spaces indicate that the parameter does not apply to that season.

SSMU p],c,i init,type Pk,i,O Jphi Mk,i,s Uk,i,v Zk,z s a}i,m Speakk,i,s qk,i,s Qk,i,s Kk,i,S
First season (summer)
1 2 N 8,402,727,132 NA 0.369 0 0 10.000 8,500,000,000 0 1,950 5
2 3 N 834,429,245 NA 0.248 0 0 10.000 850,000,000 0 3,386 5
3 3 N 301,932,508 NA 0.293 0 0 10.000 320,000,000 0 2,881 5
4 3 N 322,045,302 NA 0.282 0 0 10.000 330,000,000 0 3,008 5
5 3 N 438,862,551 NA 0.278 0 0 10.000 450,000,000 0 3,054 5
6 3 N 574,691,426 NA 0.278 0 0 10.000 590,000,000 0 3,058 5
7 2 N 679,683,642 NA 0.353 0 0 10.000 690,000,000 0 2,157 5
8 3 N 553,175,192 NA 0.234 0 0 10.000 1,600,000,000 0 3,540 5
9 2 N 69,055,728,795 NA 0.484 0 0 10.000 70,000,000,000 0 304 5
10 2 N 320,095,594 NA 0.381 0 0 10.000 340,000,000 0 1,797 5
11 2 N 196,909,670 NA 0.346 0 0 10.000 200,000,000 0 2,250 5
12 3 N 389,311,850 NA 0.236 0 0 10.000 400,000,000 0 3,514 5
13 2 N 248,777,387,143 NA 0.496 0 0 10.000 250,000,000,000 0 93 5
14 2 N 1,140,779,048 NA 0.336 0 0 10.000 1,200,000,000 0 1,433 5
15 2 N 1,477,796,628 NA 0.344 0 0 10.000 1,500,000,000 0 1,372 5
Second season (winter)

1 0.369 0 0 0 NA 0 272 5
2 0.248 0 0 0 NA 0 674 5
3 0.293 0 0 0 NA 0 493 5
4 0.282 0 0 0 NA 0 533 5
5 0.278 0 0 0 NA 0 548 5
6 0.278 0 0 0 NA 0 550 5
7 0.353 0 0 0 NA 0 313 5
8 0.234 0 0 0 NA 0 743 5
9 0.484 0 0 0 NA 0 52 5
10 0.381 0 0 0 NA 0 243 5
11 0.346 0 0 0 NA 0 333 5
12 0.236 0 0 0 NA 0 730 5
13 0.496 0 0 0 NA 0 35 5
14 0.336 0 0 0 NA 0 383 5
15 0.344 0 0 0 NA 0 359 5
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TABLE B9. Assumed distribution of penguin and seal winter foraging effort amongst different habitat

types, used to calculate p, ;. .

Adélie Chinstrap Gentoo Macaroni Fur seal
Home area 0.10 0.00 0.50 0.50 0.00
Boundary area 1 (West Antarctic Peninsula)) 0.45 0.00 0.00 0.00 0.10
Boundary area 2 (Drake Passage, Southwest Atlantic) 0.00 0.00 0.00 0.00 0.30
Boundary area 3 (Weddell Sea) 0.45 0.00 0.00 0.00 0.10
Pelagic Areas (Areas 1, 9, 13) 0.00 0.86 0.00 0.43 0.43
Shelf Areas (Areas 2-8, 10-12, 14, 15) 0.00 0.14 0.50 0.07 0.07
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TABLE B10. Model inputs for parameter p, , = for whales. Values of j are given in the first row, where 1 to 15 are SSMUs 1 to 15 and 16 to 18

are boundary areas 1 to 3.

SSMU 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
First season (summer)
0.67 006 002 002 003 004 0.06 0.09 0.00 0.00 0.00 0.00 000 000 000 000 0.00 0.00
NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
9 0.00 0.00 0.00 0.00 0.00 0.00 000 000 043 001 0.01 0.0l 049 0.02 0.03 0.00 0.00 0.00
10 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
11 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
12 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
13 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
14 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
I5 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
Second season (winter)
1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 000 000 000 000 0.00 0.00 0.00 0.00 0.00
NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
9 0.00 0.00 0.00 0.00 0.00 0.00 000 000 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
10 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
11 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
12 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
13 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
14 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
15 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
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TABLE B11. Model inputs for parameter p, ;. ; for seals. Values of j are given in the first row, where 1 to 15 are SSMUs 1 to 15 and 16 to 18 are

boundary areas 1 to 3.

SSMU 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
First season (summer)

1 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
2 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
3 000 0.00 100 0.00 0.00 000 0.00 000 0.00 0.00 000 0.00 0.00 0.00 0.00 000 0.00 0.00
4 0.00 0.00 0.00 1.00 0.00 0.00 0.00 000 0.00 000 0.00 0.00 000 0.00 000 0.00 0.00 0.00
5 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
6 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
7 0.00 0.00 000 0.00 0.00 000 1.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 000 0.00 0.00
8 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
9 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA

10 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
I NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
12 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
13 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
14 000 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 000 0.00 0.00 000 1.00 0.00 0.00 0.00 0.00
15 0.00 0.00 0.00 000 0.00 0.00 000 0.00 0.00 000 0.00 0.00 000 0.00 1.00 0.00 0.00 0.00
Second season (winter)

1 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA

3 0.09 001 000 0.00 000 001 0.01 001 016 0.00 0.00 000 0.18 0.01 001 0.10 030 0.10
4 009 0.01 000 000 0.00 001 001 0.01 016 000 0.00 0.00 0.18 0.01 0.0 0.10 030 0.10
5 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
6 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
7 0.09 0.01 000 0.00 000 001 0.01 001 016 0.00 0.00 000 0.18 0.01 001 0.10 030 0.10
8 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
9 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
10 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
I NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
12 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
13 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
14 009 0.01 0.00 000 0.00 001 001 0.01 016 000 0.00 0.00 0.18 0.01 0.01 0.10 030 0.10
15 009 0.01 0.00 000 0.00 001 001 0.01 016 000 0.00 0.00 0.18 0.01 0.0l 0.10 0.30 0.10
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TABLE B12. Model inputs for parameter p, - for penguins. Values of j are given in the first row, where 1 to 15 are SSMUs 1 to 15 and 16 to

18 are boundary areas 1 to 3.

SSMU 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
First season (summer)
NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 000 0.00 0.00
0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 000 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
10 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 1.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00
11 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 000 0.00 1.00 000 0.00 0.00 0.00 0.00 000 0.00
12 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 100 0.00 0.00 0.00 0.00 0.00 0.00
I3 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
14 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 000 0.00 1.00 0.00 0.00 0.00 0.00
15 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 000 0.00 000 1.00 0.00 0.00 0.00
Second season (winter)
1 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
0.08 0.15 0.00 0.00 0.01 0.01 0.01 003 010 0.00 0.00 0.01 0.11 0.01 0.01 023 0.00 0.23
3 0.17 0.02 0.07 0.01 0.01 001 0.01 004 028 0.01 000 0.01 032 002 0.02 000 0.00 0.00
4 0.17 0.02 0.01 0.01 o001 0.01 0.01 003 031 001 0.00 0.01 035 0.02 002 0.00 0.00 0.00
5 0.17 0.02 001 0.01 0.02 001 0.01 003 031 0.01 000 0.01 035 002 0.02 000 0.00 0.00
6
7
8
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0.07 0.01 0.00 0.00 0.01 0.13 0.01 0.02 0.10 0.00 000 0.01 0.11 0.01 0.01 025 0.00 0.25

0.17 0.02 0.01 0.01 0.01 001 0.02 003 032 0.01 000 0.01 036 002 0.02 000 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.00 0.00 000 0.00 0.00 0.00 0.00 045 0.00 045
9 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
10 0.17 0.02 0.01 0.01 0.01 0.01 001 0.03 032 001 0.00 001 036 002 002 0.00 000 0.00
11 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.01 000 010 000 0.01 0.00 000 044 000 044
12 0.13 0.01 0.01 0.01 0.01 0.01 001 002 024 000 0.00 004 027 001 002 0.10 0.00 0.10
13 NA° NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
14 0.09 0.01 0.00 0.00 0.00 0.01 001 0.02 0.16 0.00 0.00 000 0.18 051 0.01 0.00 0.00 0.00
15 011 002 0.01 0.01 001 0.01 001 0.04 0.1 0.00 0.00 001 012 0.02 052 0.00 0.00 0.00
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TABLE B13. Model inputs for parameter p, ., = for fish. Values of j are given in the first row, where 1 to 15 are SSMUs 1 to 15 and 16 to 18 are

boundary areas 1 to 3.Note that in this parameterization, no movement of fish is allowed.

SSMU 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
First season (summer)
1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 000 0.00 000 0.00 0.00 0.00
0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 000 0.00 0.00
0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 000 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 1.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00
10 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 1.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00
11 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
12 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 100 0.00 0.00 0.00 0.00 000 0.00
13 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 000 0.00 0.00 000 1.00 0.00 0.00 0.00 0.00 0.00
14 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 000 0.00 1.00 0.00 0.00 0.00 0.00
15 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 000 0.00 000 1.00 0.00 0.00 0.00
Second season (winter)
1 1.00 0.00 000 0.00 0.00 0.00 0.00 000 0.00 000 0.00 0.00 000 0.00 000 0.00 0.00 0.00
0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 000 0.00 0.00
3 000 0.00 100 0.00 0.00 000 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 000 0.00 0.00
4 0.00 0.00 0.00 1.00 000 0.00 0.00 000 0.00 000 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00
5 0.00 0.00 000 0.00 1.00 000 0.00 000 0.00 0.00 000 0.00 0.00 0.00 0.00 000 0.00 0.00
6
7
8
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0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 000 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 000 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00

9 0.00 0.00 0.00 0.00 000 0.00 0.00 000 1.00 000 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00
10 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 000 1.00 0.00 000 0.00 000 0.00 0.00 000 0.00
11 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 000 000 1.00 000 0.00 000 0.00 0.00 000 0.00
12 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 100 0.00 000 0.00 0.00 000 0.00
13 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00 000 1.00 0.00 0.00 0.00 0.00 0.00
14 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 000 0.00 0.00 000 0.00 100 0.00 0.00 000 0.00
15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00
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TABLE B14. Model input values for krill. Initial conditions apply to 1970.

_ ai,l ai,l
Area Wi Ki,o / Ai Moi»l (no movement scenarios) (movement scenarios) ﬂ i1 ¢i,1 MOi,Z @in ﬂ 2 ¢i,2
1 0.46 39.2 0 17,304,347,826,087 1,730,434,782,609 1,000 1 0 0 NA 0
2 046  271.92 0 3,565,217,391,304 20,660,434,782,609 1,000 1 0 0 NA 0
3 046  271.92 0 1,065,217,391,304 14,486,956,521,739 1,000 1 0 0 NA 0
4 046 27192 0 1,760,869,565,217 9,244,565,217,391 1,000 1 0 0 NA 0
5 046  271.92 0 2,130,434,782,609 18,641,304,347,826 1,000 1 0 0 NA 0
6 046  271.92 0 228,2608,695,652 13,695,652,173,913 1,000 1 0 0 NA 0
7 046  271.92 0 2,152,173,913,043 14,527,173,913,044 1,000 1 0 0 NA 0
8 046 271.92 0 7,239,130,434,783 27,146,739,130,435 1,000 1 0 0 NA 0
9 0.46 62.94 0 23,913,043,478,261 896,739,130 1,000 1 0 0 NA 0
10 0.46  638.84 0 652,173,913,043 35,054,347,826,087 1,000 1 0 0 NA 0
11 0.46  638.84 0 891,304,347,826 22,995,652,173,913 1,000 1 0 0 NA 0
12 046  638.84 0 2,608,695,652,174 30,847,826,086,957 1,000 1 0 0 NA 0
13 0.46 62.94 0 30,630,434,782,609 7,657,608,696 1,000 1 0 0 NA 0
14 0.46 67.68 0 6,000,000,000,000 60,000,000,000 1,000 1 0 0 NA 0
15 0.46 67.68 0 2,804,347,826,087 28,043,478,261 1,000 1 0 0 NA 0
16 0.46 NA NA NA NA NA NA NA NA NA NA
17 0.46 NA NA NA NA NA NA NA NA NA NA
18 0.46 NA NA NA NA NA NA NA NA NA NA
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TABLE B15. Model input values for krill abundance in boundary areas (subscripts16 to 18 are boundary

areas 1 to 3 respectively) and environmental anomalies to force krill recruitment to drop by 50% over
model years 1984—1988. Years 1-38 correspond to calendar years 1970-2007.

Year  Season K16,t K”,t KlS,t Xt
1 1 1.65E+14 1.75E+14 2E+13 0.0000
1 2 1.65E+14 1.75E+14 2E+13 0.0000
2 1 1.65E+14 1.75E+14 2E+13 0.0000
2 2 1.65E+14 1.75E+14 2E+13 0.0000
3 1 1.65E+14 1.75E+14 2E+13 0.0000
3 2 1.65E+14 1.75E+14 2E+13 0.0000
4 1 1.65E+14 1.75E+14 2E+13 0.0000
4 2 1.65E+14 1.75E+14 2E+13 0.0000
5 1 1.65E+14 1.75E+14 2E+13 0.0000
5 2 1.65E+14 1.75E+14 2E+13 0.0000
6 1 1.65E+14 1.75E+14 2E+13 0.0000
6 2 1.65E+14 1.75E+14 2E+13 0.0000
7 1 1.65E+14 1.75E+14 2E+13 0.0000
7 2 1.65E+14 1.75E+14 2E+13 0.0000
8 1 1.65E+14 1.75E+14 2E+13 0.0000
8 2 1.65E+14 1.75E+14 2E+13 0.0000
9 1 1.65E+14 1.75E+14 2E+13 0.0000
9 2 1.65E+14 1.75E+14 2E+13 0.0000
10 1 1.65E+14 1.75E+14 2E+13 0.0000
10 2 1.65E+14 1.75E+14 2E+13 0.0000
11 1 1.65E+14 1.75E+14 2E+13 0.0000
11 2 1.65E+14 1.75E+14 2E+13 0.0000
12 1 1.65E+14 1.75E+14 2E+13 0.0000
12 2 1.65E+14 1.75E+14 2E+13 0.0000
13 1 1.65E+14 1.75E+14 2E+13 0.0000
13 2 1.65E+14 1.75E+14 2E+13 0.0000
14 1 1.65E+14 1.75E+14 2E+13 0.0000
14 2 1.65E+14 1.75E+14 2E+13 0.0000
15 1 1.65E+14 1.75E+14 2E+13 0.0000
15 2 1.65E+14 1.75E+14 2E+13 0.0000
16 1 1.387E+14 1.472E+14 1.682E+13 -0.1733
16 2 1.387E+14 1.472E+14 1.682E+13 -0.1733
17 1 1.167E+14 1.237E+14 1.414E+13 -0.3466
17 2 1.167E+14 1.237E+14 1.414E+13 -0.3466
18 1 9.811E+13 1.041E+14 1.189E+13 -0.5199
18 2 9.811E+13 1.041E+14 1.189E+13 -0.5199
19 1 8.25E+13 8.75E+13 1E+13 -0.6931
19 2 8.25E+13 8.75E+13 1E+13 -0.6931
20 1 8.25E+13 8.75E+13 1E+13 -0.6931
20 2 8.25E+13 8.75E+13 1E+13 -0.6931
21 1 8.25E+13 8.75E+13 1E+13 -0.6931
21 2 8.25E+13 8.75E+13 1E+13 -0.6931
22 1 8.25E+13 8.75E+13 1E+13 -0.6931
22 2 8.25E+13 8.75E+13 1E+13 -0.6931
23 1 8.25E+13 8.75E+13 1E+13 -0.6931
23 2 8.25E+13 8.75E+13 1E+13 -0.6931
24 1 8.25E+13 8.75E+13 1E+13 -0.6931
24 2 8.25E+13 8.75E+13 1E+13 -0.6931
25 1 8.25E+13 8.75E+13 1E+13 -0.6931
25 2 8.25E+13 8.75E+13 1E+13 -0.6931
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TaBLE B15., Continued

Year  Season K16’, K”J Klg’t Xr
26 1 8.25E+13  8.75E+13 1E+13 -0.6931
26 2 8.25E+13  8.75E+13 1E+13 -0.6931
27 1 8.25E+13  8.75E+13 1E+13 -0.6931
27 2 8.25E+13  8.75E+13 1E+13 -0.6931
28 1 8.25E+13  8.75E+13 1E+13 -0.6931
28 2 8.25E+13  8.75E+13 1E+13 -0.6931
29 1 8.25E+13  8.75E+13 1E+13 -0.6931
29 2 8.25E+13  8.75E+13 1E+13 -0.6931
30 1 8.25E+13  8.75E+13 1E+13 -0.6931
30 2 8.25E+13  8.75E+13 1E+13 -0.6931
31 1 8.25E+13  8.75E+13 1E+13 -0.6931
31 2 8.25E+13  8.75E+13 1E+13 -0.6931
32 1 8.25E+13  8.75E+13 1E+13 -0.6931
32 2 8.25E+13  8.75E+13 1E+13 -0.6931
33 1 8.25E+13  8.75E+13 1E+13 -0.6931
33 2 8.25E+13  8.75E+13 1E+13 -0.6931
34 1 8.25E+13  8.75E+13 1E+13 -0.6931
34 2 8.25E+13  8.75E+13 1E+13 -0.6931
35 1 8.25E+13  8.75E+13 1E+13 -0.6931
35 2 8.25E+13  8.75E+13 1E+13 -0.6931
36 1 8.25E+13  8.75E+13 1E+13 -0.6931
36 2 8.25E+13  8.75E+13 1E+13 -0.6931
37 1 8.25E+13  8.75E+13 1E+13 -0.6931
37 2 8.25E+13  8.75E+13 1E+13 -0.6931
38 1 8.25E+13  8.75E+13 1E+13 -0.6931
38 2 8.25E+13  8.75E+13 1E+13 -0.6931
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TABLE B16. Predator parameters that were estimated during each step of the conditioning process
(indicated with an X). Parameters for fish populations were not estimated during this process.

Conditioned on “empirical
abundance estimates.”

Conditioned on estimates for
2007 and an earlier inflexion

point.

Description

Whales | Seals | Penguins

Whales

Seals

Penguins

Adult abundance that produces
maximum recruitment (Speak)

X

Maximum recruitment when all adults
breed (Rpeak)

X

Shape parameter that adjusts predator
recruitment based on winter foraging
performance during the first year of life

(Jphi)

Kirill ecosystem dynamics model APPENDIX B

22



TABLE B17. Adjusted recruitment parameters for whales and seals for each conditioned scenario in the reference set. These values pertain to the
first season (summer) only. The four scenarios in the reference set are distinguished by movement (m), no movement (n), and either a stable (s) or
a linear (1) relationship between relative foraging success and the number of adults that breed (see Eq. A.22).

Whales Seals
Rpeakk,i,s Speakk,i,s Rpeakk,i,s
SSMU ns nl ms ml ns nl ms ml ns nl ms ml
1 2,166 3,058 1,834 2,197 NA NA NA NA NA NA NA NA
2 NA NA NA NA NA NA NA NA NA NA NA NA
3 NA NA NA NA 17,985 36,753 10,056 10,939 4,776 9,767 3,602 4,743
4 NA NA NA NA 223 351 153 159 80 158 59 66
5 NA NA NA NA NA NA NA NA NA NA NA NA
6 NA NA NA NA NA NA NA NA NA NA NA NA
7 NA NA NA NA 1,157 2,307 762 788 338 667 272 301
8 NA NA NA NA NA NA NA NA NA NA NA NA
9 2,175 2960 1,887 2,268 NA NA NA NA NA NA NA NA
10 NA NA NA NA NA NA NA NA NA NA NA NA
11 NA NA NA NA NA NA NA NA NA NA NA NA
12 NA NA NA NA NA NA NA NA NA NA NA NA
13 NA NA NA NA NA NA NA NA NA NA NA NA
14 NA NA NA NA 12,383,802 5,420,656 4,643,033 3,693,679 2,564,772 1,466,448 944,178 924,625
15 NA NA NA NA 70,781 59,965 30,975 40,855 17,103 16,799 6,631 11,095
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TABLE B18. Recruitment parameters for penguins and fish for each scenario in the reference set. Those for penguins were estimated in the
conditioning process and those for fish were separately adjusted to balance mortality in 1970. These values pertain to the first season (summer)
only.. The four scenarios in the reference set are distinguished by movement (m), no movement (n), and either a stable (s) or a linear (1)
relationship between relative foraging success and the number of adults that breed (see Eq. A.22).

Penguins Fish
Rpeak ; Jphi Rpeak;;
SSMU ns nl ms ml ns nl ms ml ns & ms nl & ml
1 NA NA NA NA NA NA NA NA 6,616,624,108 7,100,978,512
2 116,489 105,819 247,351 242,694 2.3197 1.6684  7.9235 7.3972 421,233,884 425,599,037
3 37,386 34,939 72,670 65,347 1.7990 1.0472  6.7880  5.4051 181,072,676 182,953,013
4 678,343 667,816 1,206,444 1,115,255 1.7903 1.2287  5.6628 5.1866 188,330,169 195,336,357
5 657,618 563,756 1,084,865 1,035,211 1.8447 1.1362  5.6466  4.9455 248,962,308 251,549,969
6 133,624 117,786 247,837 261,085 2.5313 1.8011 7.2242  7.0786 325,634,482 329,023,883
7 493,567 449,343 747,596 867,060 1.9396 1.3458 5.3343 54719 493,237,456 498,452,381
8 642,675 532,209 740,726 599,589 4.2889 3.5368 6.1073 5.4150 738,154,270 745,802,857
9 NA NA NA NA NA NA NA NA 71,456,960,666  74,800,589,126
10 1,084 1,048 1,855 1,648 2.2705 2.3081 54627  4.7362 250,889,095 252,018,316
11 495,498 492,590 456,313 404,030 7.7908 7.6330 12.3060 10.5708 139,280,773 139,903,677
12 769,852 734,709 1,580,423 1,615,812 1.6895 1.3697  6.6092 6.2312 186,353,705 187,170,585
13 NA NA NA NA NA NA NA NA 264,154,699,877 276,567,251,037
14 1,047,812 999,690 4,074,626 1,770,308 1.6894 0.6711 5.5224  2.3867 800,600,899 834,276,130
15 102,385 140,434 333,787 160,432 0.5725 0.0638  4.8830  2.2999 1,061,832,531 1,106,685,053
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TABLE B19. Allocation of the regional catch limit to individual SSMUs under the four Catch Allocation Options (1: Catch; 2: Demand; 3: Stock;
4: Current). For the Catch (1) and Current (4) allocations are based on reported catches and are consistent across all scenarios, although the
Current allocation varies with allowable catch (indicated by scale factor, sf) so that so that aggregate catches in SSMUs 1 to 7 are capped at a level
equivalent to the subarea catch limit specified in CCAMLR’s conservation measure CM 57-02. For the Demand (2) and Stock (4) options, the
allocations are estimated separately for each trial, and the values shown below are averages of these estimates for the four scenarios (ml:
movement-linear; ms: movement-stable; nl: no movement-linear; ns: no movement-stable).

Catch Allocation

. 1 2 2 2 2 3 3 3 3 4 4 4
Option:
SSMU Scenario: all ml ms nl ns ml ms nl ns sf<0.1 sf=0.1 sf=0.11
1: Pelagic 0 0.15 0.16 0.18 0.19 006 006 0.11 0.13 0 0 0
2: Coastal 0 0.03 0.03 0.04 0.04 006 006 002 0.03 0 0 0
3: Coastal 0.17  0.01 0.01 0.01 0.01 0.04 0.04 0.01 0.01 0.17 0.16 0.15
4: Coastal 0.03 0.01 0.01 0.02 0.02 0.03 0.03 0.01 0.01 0.03 0.03 0.03
5:Coastal 0.03 0.02 0.02 002 002 005 0.05 0.01 0.02 0.03 0.03 0.03
6: Coastal 0.04 0.02 002 002 0.03 0.05 0.05 0.02 0.02 0.04 0.04 0.04
7: Coastal 0.02 002 002 002 002 005 005 0.02 0.02 0.02 0.02 0.02
8: Coastal 0 006 006 007 008 0.09 0.09 005 0.05 0 0 0
9: Pelagic 0.01 027 027 0.25 0.23 0.14 0.14 022 0.18 0.01 0.01 0.01
10: Coastal 0.34  0.01 0.01 0.01 0.01 0.09 0.09 0.18 0.2 0.34 0.34 0.35
11: Coastal 0.01 0.01 0.01 0.01 0.01 0.06 0.06 0.03 0.03 0.01 0.01 0.01
12: Coastal 0 002 0.02 0.03 0.03 0.08 0.08 002 0.02 0 0 0
13: Pelagic 0 0.3 0.3 0.23 0.23 0.2 02 025 023 0 0 0
14: Coastal 0.1 0.04 0.05 0.05 0.07 0.01 0.01 0.04 0.04 0.10 0.11 0.11
15: Coastal 0.25 0.02 0.02 002 002 0.01 0.01 0.02 0.02 0.26 0.26 0.27
Coastal SSMUs sum 099 027 028 034 036 0.6l 0.61 042 047 0 0 0
Pelagic SSMUs sum 0.01 0.73 072 066 064 039 039 0.58 0.53 1.00 1.00 1.00
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FiG. B1. Model fits to the abundance estimates in Hill et al (2008) with the ms (movement,
stable) scenario. The log of abundance relative to initial (1970) values is reported. Small x
symbols represent estimates of empirical abundance. These estimates of abundance at various

inflexion points in population trajectories are represented by vertical bars (full range of possible

abundance) with narrow white gaps (point estimates from specified population growth rates).
Parameters were estimated so that trajectories passed through, as best as possible, the inflexion

points.

Nsummer1/Nsummer1[yr1] -- krill (black), seals (red), pengs (blue), whales (green) -- calendar (bars/dots), data (x)
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FIG. B2. Model fits to the abundance estimates in Hill et al (2008) with the ml (movement,
linear) scenario Other details as Fig. BI.
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F1G. B3. Model fits to the abundance estimates in Hill et al (2008) with the ns (no movement,
stable) scenario. Other details as Fig. B1.
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FI1G. B4. Model fits to the abundance estimates in Hill et al (2008) with the nl (no movement,
linear) scenario. Other details as Fig. B1.

Nsummer1/Nsummer1[yr1] -- krill (black), seals (red), pengs (blue), whales (green) -- calendar (bars/dots), data (x)
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G.M. Watters, S.L. Hill, J.T. Hinke, J. Matthews, K. Reid. Decision making for ecosystem based management: evaluating options for
a krill fishery with an ecosystem dynamics model.

APPENDIX C: Further simulation details and supplementary results
Assessment of Required number of trials per scenario-management measure combination.
We assessed the number of trials required per combination of scenario and management measure by examining the stability of a statistic, for each
ecosystem component (krill, seals, fish, whales, penguins) and SSMU (1-15), as the number of trials increased. The statistic used was the mean

abundance in the 30th year divided by the mean abundance in the first year of simulations (Fig. C1). In general, the statistic reaches stable values
after about 800 trials for krill, and 400 trials for other components. The number of trials selected for results shown in the paper was 1001.

Seals Penguins Fish Whales Krill
— B 2
%ﬁ:h,—:—’—_—/*‘—vi

. ["r\ﬁi

Nlast/Nl

S —

0.1

T T T T T T T T T T T T T T T T T T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000

Number of trials

FIG. C1. Relative abundance averaged over different numbers of trials. A separate line is plotted for each SSMU. Note that the y-axis has different
scales for each panel.
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Simulation protocol: scenario-management measure combinations

Table C1. Matrix of simulations with the number of trials conducted per allowable catch for each
combination. There were up to 23 allowable catches per combination.

Scenario
Movement, Movement, No-movement, No-movement,
stable linear stable linear
Catch 1001 1001 1001 1001
- § = | Demand | 1001 1001 1001 1001
g § ‘E | Stock 1001 1001 1001 1001
© <:t O | Current 1001 1001 1001 1001
No fishing | 1001 1001 1001 1001
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Supplementary Results

We generated both scenario-specific and scenario-averaged results for each of our risk metrics.
Figures C2 and C3 show scenario-specific results that we did not include in the main paper.

0.0 I 1 I I I I I I | I I I
0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0 000 0.05 0.10
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Risk to ecosystem resilience
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ml ml ml
Demand Stock Current
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0.5 1.0 0.0 0.5 1.0 0.00 0.05 0.10

Proportion of regional catch limit
FIG. C2. Risks to ecosystem resilience. Scenario and Catch Allocation Option specific probabilities that, at the end
of the recovery period, predator subpopulations were <75% of the abundance in equivalent no-fishing trials.
Vertical dashed lines indicate the interim and notional catch limits. Note the different horizontal scale on the
“Current” panels.
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FIG. C3. Risks to ecosystem services. Scenario and Catch Allocation Option specific proportions of allowable catch
that was not caught (median and 95% probability envelope).
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