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ABSTRACT: Ecosystem-based fishery management requires operating models that are capable of
evaluating the effects of a triad of drivers (exploitation, ecological interactions, and the physical envi-
ronment) on fish populations. We present a simple operating model, AGG-PROD, that takes into ac-
count these drivers. AGG-PROD aggregates species into functional groups and applies exploitation
rates to these groups, while accounting for the interactions between these groups and the environ-
ment. We loosely modeled the Northeast US Large Marine Ecosystem fish community, exploring a
range of harvest, ecological interactions (competition and predation), and climate effects scenarios.
We examined the independent effects of each of the triad of drivers at their base levels on the 3 main
functional groups. We then explored the effects of targeted harvest on specific functional groups as
well as different levels of total system harvest, both with and without climate effects. Our results indi-
cate that the triad of drivers can lead to unanticipated, indirect effects on groups of species, and that
all 3 should be taken into account by an operating model in a Management Strategy Evaluation con-
text. Harvest tends to affect groups with a slower overall growth rate the most, while groups affected
by strong ecological interactions often exhibit strong competitive or predatory release when other
groups are reduced in biomass. Climate effects reduce primarily the biomass of groundfishes in our
model, indicating the need for more conservative exploitation under future climate projections.
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INTRODUCTION

Ecosystem-based fisheries management (EBFM)
has called for broader consideration of the factors
which impact on the dynamics of living marine re-
sources (LMR) (NMFS 1999, Link 2002a,b, 2010, Pik-
itch et al. 2004). One of the common themes in these
calls for EBFM is the need to consider a triad of
drivers (see Fig. 1 in Link et al. 2012, this Theme Sec-
tion) that influence fish populations: (1) fisheries ex-
ploitation, (2) physico-chemical factors (especially
climate), and (3) ecological interactions among spe-
cies (Link et al. 2010a). Fisheries exploitation is long
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understood to have direct effects on marine ecosys-
tems through direct removals of exploited stocks
(Pauly & Christensen 1995, Worm et al. 2009), and in-
ducing indirect effects on other species in the ecosys-
tem via predatory (Sissenwine 1984, Bax 1991, 1998,
Christensen 1996, Link 2002a) or competitive release
(Link 2002a). Overfishing also leads to ecosystem
level effects such as eutrophication, outbreaks of dis-
ease in the trophic levels beneath the overfished spe-
cies, and species introductions (Jackson et al. 2001).
Ecological interactions and related trophodynamic
processes, such as predation or competition as re-
ferred to above, are also recognized as potentially
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dominant drivers (Frank et al. 2005, Daskalov et al.
2007, Tyrrell et al. 2011). Physico-chemical drivers
are important in that fisheries production is linked to
primary production (Ware & Thomson 2005, Chassot
et al. 2010), early life history survivorship is at least
partially, if not mainly, dictated by biophysical condi-
tions (Beaugrand et al. 2003, Platt et al. 2003), and
climate change can affect marine populations (An-
derson & Piatt 1999, Chavez et al. 2003, Nye et al.
2009). While each of these drivers can have
important effects on an ecosystem, they are not rou-
tinely considered simultaneously (cf. Lucey & Nye
2010, Fulton et al. 2011). Thus there is a need for
models that can explicitly explore the effects of this
triad of drivers on an ecosystem simultaneously.

Another key element of EBFM is to determine the
maximum sustainable yield (MSY) in an ecosystem
(Link 2010). Doing so is important, as each ecosystem
has known limitations to productivity (Pauly & Chris-
tensen 1995), with the amount of fish harvested ulti-
mately limited by primary production (Ryther 1969,
Ware & Thomson 2005). There are methods of esti-
mating MSY for an ecosystem. These methods effec-
tively account for a broader set of consideration (e.g.
species interactions, climate) than methods for calcu-
lating single species MSY, and thus can give quite
different results than a simple summation of all spe-
cies production for a given ecosystem (Au 1973, May
1975, Pope 1975, 1979, Brown et al. 1976, Fukuda
1976, May et al. 1979, Walters et al. 2005, NEFSC
2008, Tyrrell et al. 2011).

The combination of, and interactions between, these
drivers suggests the need to utilize a Management
Strategy Evaluation (MSE; Smith et al. 1999, Sains-
bury et al. 2000). MSEs have a core operating model
capable of evaluating this triad of drivers under a
variety of scenarios. Executing such an MSE should
take the relative effects of these drivers into con-
sideration and be able to provide outputs related to
achieving a system-level MSY, as well as exploring
tradeoffs among the species and drivers inherent to
an ecosystem.

While there are many classes of extant ecosystem
models that could serve as MSE operating models,
there is an important class of models between the
simpler, stock-focused models that are typical in
stock assessments (or that incorporate other factors
such as Extended Single-species Assessment Mod-
els, ESAMs) and the full ecosystem models such as
GADGET, APECOSM, InVitro, or ATLANTIS. Aggre-
gate Surplus Production (ASP) models are part of this
intermediate class of models (Hollowed et al. 2000,
Plagényi 2007, Townsend et al. 2008, Link et al.

2010b). These models require the same basic inputs
as standard stock assessment models or ESAMs, but
are aggregated across species at a higher level of
biological hierarchy. ASPs estimate biological refer-
ence points (BRPs) commonly used in LMR manage-
ment (such as MSY), but for an aggregate group of
species. ASP models can also simulate the effects of
ecological interactions, harvest, and climate, making
them a valuable tool generally for EBFM and specifi-
cally within an MSE context as an operating model
(Link et al. 2010c).

Such ASP models have a number of advantages.
They fall into the simpler range of the complexity
continuum of models. Models of low to intermediate
complexity often have higher forecast skill than more
complex models (Costanza & Sklar 1985, Walters
1986, Fulton et al. 2003, Adkison 2009, Hannah et al.
2010). Additionally, surplus production models can
outperform age-structured models in providing more
robust characterizations of fish population dynamics
(Ludwig & Walters 1985, 1989, Hilborn & Walters
1992). For instance, Ludwig & Walters (1985) gener-
ated data from a model with 2 age classes (pre-
recruitment and catchable adults) with random recruit-
ment (Deriso 1980). When they fit parameters from
both the original age-structured model and a simple
surplus production model to the generated data, the
surplus production model performed just as well or
better than the original model. Additionally, ASPs
rely on relatively common and easy to collect data
(biomass or abundance estimates and fisheries land-
ings) and thus are of use even in many data-limited
ecosystems (Graham 1935, Pitcher & Hart 1982, Smith
1994). ASP models can incorporate stochasticity,
trophic interactions, and environmental and climate
forcing relatively simply and easily (Clark et al. 2003,
Rose 2004, Jacobson et al. 2005, Keyl & Wolff 2008).
ASP models capitalize on the stability of aggregate
groupings that, although dynamic, are nevertheless
less variable than those commonly observed for their
component species (Duplisea & Blanchard 2005,
Auster & Link 2009). Finally, ASPs produce outputs
that are widely used in fisheries management and do
not require additional familiarization for managers.

Although several assumptions need to be met for
use of ASP models (e.g. comparable life histories
and vital rates among species within an aggregate
group), these models have the ability to provide syn-
thetic information useful for implementing EBFM.
The main strengths of this approach are its rela-
tive simplicity, minimal assumptions, requirement of
readily available data, and relative portability of the
approach for ease of use on different data sets. The
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drawbacks are those usually associated with pro-
duction models (e.g. missing internal stage or age
related dynamics, and ignoring different life history
characteristics of individual species within an aggre-
gation, which is explored more thoroughly in Gaichas
et al. 2012, this Theme Section).

Here we describe a particular ASP model, AGG-
PROD, which is an aggregated application of MS-
PROD (Gamble & Link 2009) used to model func-
tional groups of species. The objectives in doing so
are to explore the aggregate properties and outputs
from modeling such groups, and contrast various sce-
narios that could be used in an MSE context among
the triad of drivers that influence LMR dynamics. Our
focus here is to explore how aggregate BRPs change
under differing scenarios.

METHODS
Model description

We used an application of AGG-PROD to examine
the effects of different harvest, climate, and ecologi-
cal scenarios on aggregated groups of fish loosely
parameterized to reflect the Northeast US Large
Marine Ecosystem (NEUS LME). This model is a vari-
ation of an MS-PROD, a multi-species surplus pro-
duction model described previously (Gamble & Link
2009), where instead of individual species, aggre-
gated, functional groups were considered. AGG-
PROD is identical to MS-PROD, except that due to
lack of a species focus, the within-group competition
terms are removed. The model formulation is:

ZBIGBG

dB B P

—L=nB|1--L--L— |-BYopB,~-hB (1)
1

where B; is the biomass of an aggregated group of
species or stocks (I), 1;is the growth rate of group I, K,
is the carrying capacity of group I, h; is the harvest
rate (a proxy for fishing mortality, defined as the
instantaneous removal rate) on group I, G is a group
other than I with corresponding B and K, B, is the
competition interaction coefficient between groups I
and G, K, is the system carrying capacity, P is a
group which preys on group I with a corresponding
B, and o, is the predation interaction coefficient
between groups I and P.

This model framework is based on the general form
of extended Schaefer-types of models (e.g. Prager
1994, Collie & DeLong 1999. Mueter & Megrey 2006,

Gamble & Link 2009) and has been employed for
all fished species in over 10 northern hemisphere
ecosystems (Bundy et al. 2012, this Theme Section,
Lucey et al. 2012, Theme Section). This resultant form
here is similar to other fisheries production models ap-
plied in the NEUS region (e.g. Spencer & Collie 1996,
Collie & DeLong 1999) and elsewhere (e.g. Constable
2001, Mueter & Megrey 2006). Unlike those other ap-
proaches, here we are aiming to simulate a system
with specified parameters, not fit it to the typical data
series, in an MSE context. The other distinction of our
approach is that, like Lucey et al. (2012), the main as-
pects that influence aggregate dynamics are parti-
tioned into their explicit ecological and fishing factors.
We also note that values of K are fixed and not linked
to prey population abundances. Although the latter
would be feasible, for this approach we simply
address the relative impacts of harvesting, predation,
and competition rather than the feedback among
predator—prey linkages. We address climate effects
via alterations to r (see ‘Scenarios’ below).

We note the following major assumptions of our
modeling approach:

(1) Aggregated groups have a carrying capacity
that is distinct from the systemic carrying capacity,
but such a systemic carrying capacity does exist
(e.g. Brown et al. 1976, May et al. 1979, Pauly &
Christensen 1995, Pauly et al. 1998, 2002).

(2) Harvest and species interactions (competition
and predation) in our model may similarly influence
a group's ability to reach its carrying capacity
(e.g. May 1975, Pope 1975, 1979, Brown et al. 1976,
Fukuda 1976).

(3) Considering only aggregated groups will not
reveal whether aggregated fishing mortality levels
might cause specific stocks within the group to be
overfished, or indeed what the likely result of any set
of fishing levels will be on individual stocks (Worm
et al. 2009, Gaichas et al. 2012).

(4) There is no age structure in the model, and
therefore the effects of stage-specific mortality,
growth, and related demographic processes cannot
be modeled.

Base model parameterization and simulations

The parameterization for the simulations using
AGG-PROD was informed by the parameterization
for MS-PROD, which was applied to a simulated fish
community that was generally based on the NEUS
LME (Gamble & Link 2009). We parameterized the
model for 3 groups: groundfishes, small pelagics, and
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elasmobranchs. We chose these groupings primarily
because they correspond to the fishery management
plans in the region. While groundfishes could have
been further split into gadids, flatfish, and an ‘other’
groundfish group, we considered the groups chosen
to have enough similarity among life history parame-
ters used in the model. Specifically, the species cho-
sen for the groundfish group have growth rates
higher than those in the elasmobranch group, and
lower than those in the small pelagics group. Addi-
tionally, competition (for space and due to diet over-
lap) is likely greater for the members of the ground-
fish group than for members of the elasmobranch or
small pelagics groups.

The biomasses for each group were calculated by
summing the individual biomasses for each stock
within the group (NEFSC 2002, 2007, Overholtz et al.
2008). While each stock was not considered individu-
ally, the component stocks present in each group are
shown in Table 1. Growth rates (r) for each group
were calculated based on a biomass-weighted aver-
age of the individual r values from the MS-PROD for-
mulation. The individual r values were calculated
by doubling estimates of fishing mortality at maxi-

Table 1. List of stocks within each group in this formulation
of AGG-PROD. CC: Cape Cod, GOM: Gulf of Maine, GB:
Georges Bank, SNE: Southern New England, MAB: Mid-

mum sustainable yield (F,,q,) for groundfishes, pela-
gics, and elasmobranchs (Applegate et al. 1998,
Quinn & Deriso 1999, Hilborn & Walters 1992, NEFSC
2002, 2007, Overholtz et al. 2008). System fish carry-
ing capacity (K) was set to ~7 700 000 mt as the sum of
the group K values for groundfishes (~2 800000 mt),
small pelagics (~2600000 mt), and elasmobranchs
(~2300000 mt). These K values were estimated as
twice B,qy for individual stocks within each group
and then summed (by definition; Applegate et al.
1998, Quinn & Deriso 1999, Hilborn & Walters 1992,
NEFSC 2002, 2007, Overholtz et al. 2008). Competi-
tion coefficients between groups were informed by
diet matrices and overlap in habitat. Predation was
set only on the pelagics, as informed by stomach con-
tent data (Link & Almeida 2000). Spatial overlap was
set to 0.6 between all groups based largely upon in-
formation of seasonal movements for the pelagic and
elasmobranch species derived from fishery indepen-
dent surveys. These salient parameters used to ini-
tialize the base model are given in Table 2.

Fisheries removals (i.e. harvest, h) were set as an
annual rate of removal for each group. We set these
in accordance to the scenarios we ran (see ‘Scenarios’
below).

We ran the simulations for 30 yr with an annual
time step. The model was developed in Visual C++

Aflantic Bight Table 2. Basic parameterization for the AGG-PROD simulation
model. B,q,: biomass at maximum sustainable yield
Group Stocks
. . . Parameter Ground- Elasmo- Pelagics
Groundfishes American plaice fishes  branchs
CC-GOM yellowtail
GB yellowtail Growth rate 0.45 0.2 0.6
GB cod Initial biomass (mt) 834002 756418 3377800
GB haddock Carrying capacity (mt) 2849576 2311462 2591956
GB winter flounder Bysy (mt) 1424788 1155731 1295978
ggﬁ_gﬁ windowpane Competition coefficient no. 1 .
Between Group and Groundfishes 0 0.5 0
GOM haddock Between Group and Elasmo- 1 0 0.05
Halibut branchs
Ocean pout Between Group and Pelagics 0 0.1 0
Pollock
Redfish Prgdatory loss. rates .
SNE-MAB windowpane W}th Groundfishes 0 0 8.00><1O:7
SNE-MAB winter flounder N Eleel‘zglizsramhs 0 o 2000
SNE-MAB yellowtail
White hake Spatial overlap
Witch flounder With Groundfishes 0.6 0.6 0.6
. . With Elasmobranchs 0.6 0.6 0.6
Small pelagics Buttgrflsh With Pelagics 0.6 0.6 0.6
Herring
Mackerel Harvest loss rate 0.1 0.1 0.1
Elasmobranchs Skates Demersal 1 1
Spiny dogfish Pelagic 0 0 1
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and utilizes a calculation engine designed to account
for multiple iterations of simultaneous equation (i.e.
groups) solving, using a fourth-order Runge-Kutta
numerical integration algorithm. (Note: we devel-
oped a software package which utilizes a graphical
user interface to handle data inputs for model initial-
ization, parameterization, and scenario development,
and additionally to handle and process model out-
puts. This package is available from the authors upon
request.) The current version of the model is a
simulator that produces deterministic results, with no
direct data fitting beyond the data used to inform the
initial parameterization.

Scenarios

We ran 3 classes of scenarios to explore the effects
of the triad of drivers on aggregate groups (Table 3).
Each class of scenarios was run with 2 different
sets of parameters for the groundfish group. The first
parameter set used the base parameters described
previously. The second parameter set decreased the
groundfishes growth rate by 10 % (r = 0.405) to simu-
late a negative effect on growth due to climate
change. Previous work has linked changes in the
intrinsic rate of growth or carrying capacity to cli-
mate changes (Brander 1995, O'Brien et al. 2000,
Attrill & Power 2002, Clark et al. 2003, Gislason et al.
2010). We applied this climate effect on growth rate
only to groundfishes. This was due to small pelagics
(e.g. Atlantic herring, Atlantic mackerel, and butter-
fish) having generally larger range distributions, and
hence wider optimal thermal regimes, than ground-
fishes. Additionally, a recent study (Nye et al. 2009)
indicated that many individual stocks of ground-
fishes in the NEUS LME showed a recent range con-
traction due to climate effects, while pelagic stocks
and all but 1 elasmobranch showed range expan-
sions or no change. Specifically, of the 19 species that
make up the aggregate groundfish group, 8 showed
a northward movement and 2 showed a southward
movement (Nye et al. 2009). Additionally, 8 species
showed a range contraction and 2 showed a range
expansion. These range changes, especially contrac-
tions and poleward movements, are indicative of
probable accommodation of differential growth rates
relative to changing ambient water temperatures, as
approximated here by the change in r. The toggling
of the climate effect on groundfish growth rates are
seen in Table 3 as the ‘Climate effects’ column, either
with base growth parameters (N) or the modified
parameter for groundfishes (Y).

Table 3. Settings for each of the 3 scenario classes exploring
the effects of the triad of drivers on aggregate groups. (A)
Combination scenarios. The 3 drivers were each toggled on
and off at a base level to determine the relative effects of
each. Harvest rate (h): 'Y' means h set at 0.1; ‘N' means h
set at 0.0. Ecological interactions: 'Y' means competition and
predation were set as parametized in Table 2; '‘N' means all
competition and predation were set to zero. Climate effects:
"Y' means groundfish growth rate (r) set at 0.405 to simulate
climate effects on growth; '‘N' means groundfish rset to base
value of 0.45 (as per Table 2). (B) Target harvest scenarios.
Harvested group: h set at 0.3 for this group, the rest set at
h = 0. Ecological interactions: always 'Y’ as defined in (A).
Climate effects: 'Y' = on, ‘N’ = off, as defined in A. (C) Sys-
tem harvest scenarios. Harvest rate: h set to a specific value.
Ecological interactions: always 'Y' as defined in (A). Climate
effects: "Y' = on, ‘N' = off, as defined in (A)

(A) Combination scenarios

Scenario Harvest Ecological Climate

rate interactions effects
1 N N N
2 Y N N
3 N Y N
4 Y Y N
5 N N Y
6 Y N Y
7 N Y Y
8 Y Y Y

(B) Targeted harvest scenarios

Scenario Harvested Ecological Climate

group (h=0.3) interactions effects
1 Groundfishes Y N
2 Elasmobranchs Y N
3 Pelagics Y N
4 Groundfishes Y Y
5 Elasmobranchs Y Y
6 Pelagics Y Y

(C) System harvest scenarios

Scenario Harvest Ecological Climate

rate interactions effects
1 0 Y N
2 0.01 Y N
3 0.05 Y N
4 0.1 Y N
5 0.2 Y N
6 0.3 Y N
7 0.5 Y N
8 0 Y Y
9 0.01 Y Y
10 0.05 Y Y
11 0.1 Y Y
12 0.2 Y Y
13 0.3 Y Y
14 0.5 Y Y
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The first class of scenarios, the combination scenar-
ios, independently toggled ecological interactions
(competition between all groups, and predation on
small pelagics), harvest, and climate effects. Ecologi-
cal interactions were toggled off by removing inter-
action terms. Harvest scenarios were toggled on (h =
0.1) or off (h = 0). Climate effects were toggled on (r=
0.405 for groundfishes) or off (r = 0.45 for ground-
fishes) for each scenario in this class.

The second class of scenarios, the targeted harvest
scenarios, examined targeted harvest rates on a spe-
cific group both with (r=0.405 for groundfishes) and
without (r = 0.45 for groundfishes) climate effects.
One of the groups was subjected to a higher harvest
rate (h = 0.3) while the other 2 were subjected to a
base harvest rate (h =0.1).

The third set of scenarios, the system harvest sce-
narios, examined the effects of increasing harvest
rates on the entire system, again with climate effects
toggled on (r = 0.405 for groundfishes) or off (r=0.45
for groundfishes). All groups simultaneously had their
harvest rates set to: 0, 0.01, 0.05, 0.1, 0.2, 0.3, and 0.5.

In all scenarios, it was possible to partition the
losses to biomass to each group at each time step for
each type of removal (predation, competition, and
harvest). The MS-PROD software package, using the
Runge-Kutta numerical integration algorithm cal-
culates these removals at each step of the algorithm
and they can then be summed to provide the final
removal at each time step of the model. Losses or
increases due to climate were calculated as the
difference between a group's biomass in a scenario
which did not include climate effects, and the cor-
responding non-climate version of a scenario.

RESULTS

In all scenarios, we expressed the results both in
terms of biomass (mt) and as a proportion of group
B, sy such that a value greater than 1.0 indicated the
group was higher than its By,qy, and a value less than
1.0 indicated the group did not reach the group B, gy.

Combination scenarios

For the combination class of scenarios (where we
toggled ecological interactions, harvest, and climate
effects separately) the main results show some com-
mon patterns. In Scenario 1 (interactions off, h = 0,
groundfish r = 0.45), all groups asymptotically ap-
proach their carrying capacities (Fig. la). Because

of this, each group’s final biomass is almost equal
to its carrying capacity, and therefore almost double
the group's B, gy (Table 4).

In Scenario 2 (interactions off, h = 0.1, groundfish
r=0.45), no groups reached their carrying capacities
(Fig. 1b). Elasmobranchs showed a final biomass less
than half that in Scenario 1. The other 2 groups also
showed a drop in final biomass, but not to the same
extent. Only elasmobranchs fell below a By, .,/Bysy
ratio of 1.0 in this scenario (Table 4).

In Scenario 3 (interactions on, h = 0, groundfish r =
0.45), no groups reached their carrying capacity.
Small pelagics showed a final biomass of less than
half that in Scenario 1. Elasmobranchs had a higher
biomass, and groundfishes had a lower biomass than
in Scenario 2 (Fig. 1¢), indicating that harvest effects
are stronger than interaction effects on elasmo-
branchs in the simulated ecosystem while interaction
effects are likely stronger than harvest effects on
groundfish. Additionally, in this scenario there was a
switch in ecosystem dominance (in terms of final
biomass) between elasmobranchs and groundfishes
(compared to the groundfish-dominated Scenarios 1,
2, and 4) Only small pelagics fell below a By, .,/Bysy
ratio of 1.0 in this scenario (Table 4).

In Scenario 4 (interactions on, h=0.1, groundfish r=
0.45), no groups reached their carrying capacity. Elas-
mobranchs showed a final biomass more than two-
thirds less than in Scenario 1, while the other 2 groups
had a final biomass at or slightly more than in Sce-
nario 3 due to release of groundfishes and pelagics by
elasmobranchs (Fig. 1d). Again, only elasmobranchs fell
below a By, _,/B, gy ratio of 1.0 in this scenario (Table 4).

Scenarios 5 to 8 are equivalent to Scenarios 1 to 4,
but with climate effects turned on (groundfish r =
0.405). In Scenario 5 (interactions off, h = 0, ground-
fish r=0.405), it took longer for the groundfish group
to reach its carrying capacity compared to Scenario 1
(same but with groundfish r = 0.45) due to climate
being modeled as a reduction in growth rate. In Sce-
nario 6 (interactions off, h = 0.1, groundfish r= 0.405),
the groundfish group had a 3.2 % lower biomass and
a correspondingly lower By /B,y ratio when com-
pared to Scenario 2 (same but with groundfish r =
0.45), while the other 2 groups were largely unaf-
fected. In Scenario 7 (interactions on, h = 0.0, ground-
fish r = 0.405), the By, /B,y ratios for all groups
were the same as in Scenario 3 (same but with
groundfish r = 0.45). In Scenario 8 (interactions on,
h = 0.1, groundfish r = 0.405), the groundfish group
had a 4.5% lower biomass and a correspondingly
lower By, .,/Bysy Tatio when compared to Scenario 4

final

(same but with groundfish r = 0.45) (Table 4).

inal
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Fig. 1. Results from the combination class of scenarios, showing the effects of independently toggling harvest and interactions:
(a) no harvest and no interactions, (b) harvest and no interactions, (c¢) no harvest but interactions present, (d) harvest and
interactions. The dotted lines represent the carrying capacities of each group

Table 4. Summary of combination scenarios of final biomass to biomass at maximum sustainable yield (B, /B,gy) ratios. In
the Harvest, Interactions, and Climate columns, a 'Y' indicates that the corresponding effect on the system is turned on, and
a 'N' indicates that the corresponding effect on the system is turned off (see Table 3 for definitions). Bold values are <1,

indicating that this group did not reach the group By,qy

Scenario Harvest Interactions Climate Combination By, ,,/Bysy
Groundfishes Elasmobranchs Small pelagics System

1 N N N 2.00 1.99 2.00 2.00
2 Y N N 1.56 0.97 1.67 1.42
3 N Y N 1.26 1.60 0.95 1.26
4 Y Y N 1.25 0.64 1.07 1.01
5 N N Y 2.00 1.99 2.00 2.00
6 Y N Y 1.51 0.97 1.67 1.40
7 N Y Y 1.26 1.60 0.95 1.26
8 Y Y Y 1.20 0.65 1.08 0.99
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Generally, the elasmobranch and pelagic groups
showed minimal changes in final biomass in the sce-
narios where climate effects were present (Scenarios
5-8) compared to the non-climate scenarios (Scenar-
ios 1-4). Furthermore, adding the climate effects did
not have an impact on final biomasses and therefore
the By, . /Bysy ratio of the groundfish group unless
harvest was also occurring. Finally, in all of the com-
bination scenarios except Scenario 8 (interactions
on, h = 0.1, groundfish r = 0.405), the total system
B /Bygy Tatio remained above 1.0, although only
barely so in the case of Scenario 4 (interactions on,
h =0, groundfish r=0.405). In the case of Scenario 8,
the total system By, /B,y ratio was 0.99 (Table 4).

The comparative effects of species interactions, cli-
mate, and harvest differ among the 3 groups (Fig. 2).
When all 3 are present in Scenario 8 (interactions on,
h = 0.1, groundfish r = 0.405), groundfishes are
affected strongly by harvest, which, in the last year of
the run, is responsible for 48 % of the removals of bio-
mass. Of the losses, 30 % come from competition with
the other guilds, and 22% come from the effects of
climate (Fig. 2a). Elasmobranchs are most strongly
affected by harvest, which is responsible for 73 % of
losses to biomass in the final year of the run, while
competition is responsible for 27 % (Fig. 2b). Pelagics
are the most affected by species interactions of the 3
groups (Fig. 2c), and in the final year of the run most
of the losses (62 %) come from predation, 36 % of the
losses come from harvest, and the remaining 2%
come from competition.

Targeted harvest scenarios

In the targeted harvest class of scenarios, where
interactions were turned on, the harvest rate was set
to 0.1 for 2 groups while the third was set to 0.3, and
climate effects were toggled off (groundfish r=0.45),
there were 4 main results.

(1) Not surprisingly, the final biomass for each
group was lowest when it was assigned the higher
harvest rate. This sometimes resulted in shifts in
ecosystem structure when compared to the combina-
tion scenarios. For example, when combination Sce-
nario 4 (interactions on, h = 0.1, groundfish r = 0.45)
was compared to the targeted harvest Scenarios 1 to
3, shifts in pelagic versus demersal dominance of the
modeled ecosystem were seen (Fig. 3a-d). Also, in
targeted harvest Scenario 1 (interactions on, ground-
fish h = 0.3, groundfish r = 0.45), final biomass for
pelagic fishes was higher than for demersal fishes
(Fig. 3b) compared to combination Scenario 4 (Fig. 3a).
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Fig. 2. Proportional losses to biomass in Scenario 8 (h = 0.1;

interactions present; climate on—groundfish r = 0.405) in

the combination class of scenarios: (a) groundfishes, (b)
elasmobranchs, (c) pelagics

In targeted harvest Scenario 2 (interactions on, elas-
mobranch h = 0.3, groundfish r = 0.45) there was less
of a difference in pelagic and demersal final biomass
(Fig. 3c) than in combination Scenario 4 (Fig. 3a), and
in targeted harvest Scenario 3 (interactions on, small
pelagic h = 0.3, groundfish r = 0.45), the modeled
ecosystem was dominated more by demersal biomass
(Fig. 3d) than in combination Scenario 4 (Fig. 3a).
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These results are primarily due to the increased har-
vest on a specific group, combined with the tropho-
dynamic interactions (predation and competition)
between the groups.

(2) Groundfishes and small pelagics achieved a
Bgpa/Bygy Tatio greater than 1.0 in all scenarios
except when they were targeted at the higher har-
vest rate (Table 5), while elasmobranchs were below
a By, /Bysy ratio of 1.0 in all scenarios. These results
are primarily due to the susceptibility of elasmo-
branchs to harvest relative to the other groups
because of their lower growth rate compared to the
other 2 groups. The higher harvest rate when applied
to groundfishes and small pelagics was enough to
lower their respective By . /B,y ratios below 1.0:
groundfishes to a ratio of 0.32 in Scenario 1 (no cli-
mate effects) and to 0.21 in Scenario 2 (with climate
effects), and pelagics to a ratio of 0.41 in Scenarios 3
(without climate effects) and 6 (with climate effects).

(3) When the targeted harvest was on a group that

was parameterized with strong interactions on another
group, the second group had a higher final biomass
and B, .,/Bygy ratio than otherwise, due to competi-
tive or predatory release. Small pelagics had the high-
est final B, /B,,sy ratio when elasmobranchs were
targeted, due to predatory release. Groundfishes and
elasmobranchs had their highest final B, /B, gy ratio
in the scenario in which the other group was targeted,
due to competitive release (Table 5).
(4) The total system B; /B,y ratio was higher
than 1.0 only when elasmobranchs were preferen-
tially targeted. This resulted because of the combina-
tion of predatory release on small pelagics and com-
petitive release on groundfishes (Table 5). This also
reflects compensatory dynamics from a systemic
perspective.

When climate effects were present (groundfish r =
0.405), the main response was a generally reduced
groundfish biomass and By, /B, gy ratio compared to
the non-climate scenarios (Table 5). The largest rela-
tive change occurred in Scenario 4 (interactions pre-
sent, groundfish h = 0.3, groundfish r = 0.405), with a
33% decrease in groundfish final biomass and cor-
responding By ., /B,,gy ratio compared to Scenario 1
(same but with no climate effects; groundfish r=0.45).

Fig. 3. Effects on the demersal and pelagic fish communities
of the targeted harvest class of scenarios with interactions
on, but climate effects turned off: (a) triad combinatory Sce-
nario 1 (interactions on, h = 0.1, climate off—groundfish r =
0.45), (b) targeted harvest Scenario 1 (groundfishes targeted
at h = 0.3), (c) targeted harvest Scenario 2 (elasmobranchs
targeted at h = 0.3), (d) targeted harvest Scenario 3 (pelagics
targeted at h=0.3)
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Table 5. Summary of targeted harvest scenarios of final biomass to biomass at
maximum sustainable yield (B,
vest rate set to 0.3, while the other 2 groups had their harvest rates set to 0.1.

Bold values are <1, indicating that this group did not reach the group By,qy

i : vest rates, the small pelagics had a
/B,sy) ratios. The targeted group had its har- By;,..1/Bysy Tatio above 1.0 at the mod-

final

erate harvest levels (0.05, 0.1, 0.2) but
not at the lower or higher harvest

Scenario Harvested group Climate ——Targeted harvest B ,/By;qy — rates (0, 0.01, 0.3, 0"5)' Finally, the
Ground- Elasmo- Small System system By, /Bysy ratio fell below 1.0
fishes  branchs pelagics at a harvest rate of 0.2 or higher (Sce-
) G dfieh N 0.32 0.83 120 0.76 narios 5-7), largely driven by the
roundiisnes B . . . . .

2 Elasmobranchs N 1.55 001 131 101 small pelagic biomasses.
3 Pelagics N 1.24 0.66 0.41 0.79 When the effects of climate were
4 Groundfishes Y 0.21 0.85 1.21 0.73 added (groundfish r = 0.405) in Sce-
5 Elasmobranchs Y 1.50 0.01 1.32 0.99 narios 8 to 14, 4 main results occurred
6 Pelagics Y 119 068 041 078 (Tables 6 & 7). Groundfishes fell

While harvest had the largest impact on biomass
losses of groundfishes for the first half of the model
run, climate eventually became the dominant cause
of biomass losses. Species interactions stayed rela-
tively consistent in their impacts on groundfish bio-
mass loss over the model run (Fig. 4). Additionally,
pelagic and elasmobranch By, .,/B, sy ratios increased
in the scenarios where climate was present (Scenar-
ios 4-6; groundfish r = 0.405) due to decreased pre-
dation and competition effects on the 2 groups,
respectively (Table 5).

System harvest scenarios

In the system harvest scenarios where the harvest
level for all groups was set to 7 different values
(Scenarios 1-7; 0, 0.01, 0.05, 0.1, 0.2, 0.3, 0.5), species
interactions were turned on, and climate was toggled
off (groundfish r= 0.45), each of the 3 groups showed
different responses to increasing harvest (Table 6).
Elasmobranchs decreased in biomass at each in-
crease in harvest level and fell below a Bj,, /Bysy
ratio of 1.0 in all scenarios where the system harvest
rate was 0.1 or greater (Scenarios 4-7).

Groundfish biomass remained stable when the har-
vest rate was between 0 and 0.1 (Scenarios 1-4) and
only fell below a By, /B,gy ratio of 1.0 at a harvest
rate of 0.3 or higher (Scenarios 6 and 7). This 'delay’
was likely due to competitive release as elasmo-
branch biomass did drop at the lower harvest rates
(h=0.01t00.1).

Small pelagic biomass actually increased slightly
through the first 4 levels of harvest rates (0-0.1),
likely due to predatory release by elasmobranchs.
Due to their higher growth rate, they ended with a
higher final biomass and Bj,,,, /Byqy ratio than ground-
fishes at the higher harvest levels (0.3, 0.5). Because
of the indirect interaction effects combined with har-

Losses to biomass (%)

below a B, .,/Bygy ratio of 1.0 at a
harvest rate of 0.182, instead of a harvest rate of
0.212 as in the system harvest scenarios without cli-
mate effects (Table 6 only shows the scenarios
described above; further runs were done to more
precisely define the ratio’s tipping point). Similarly,
the system By, .,/B, sy ratio fell below 1.0 at a harvest
rate of 0.098, compared to a harvest rate of 0.104 in
the system harvest scenarios without climate effects.
The percentage of final biomass compared to the cor-
responding system harvest scenario without climate
effects decreased for groundfish as harvest rates
increased (from ~100 % at harvest rates of 0 and 0.01
to 35.7% at a harvest rate of 0.5; Table 7). The other
groups showed a minor increase in their final bio-
mass and By ., /B,y Tatio compared to the system
harvest scenarios, likely due to competitive release of
elasmobranchs and an overall lowering of predation
on small pelagics.

Losses to groundfish biomass varied over the range
of harvest rates explored when climate effects were
present (Fig. 5). At low levels of harvest (h = 0.01

W Climate
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Fig. 4. Proportional losses to biomass of groundfishes accord-
ing to the targeted harvest of groundfishes (h = 0.3) scenario
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Table 6. Summary of system harvest scenarios of final biomass to biomass at
maximum sustainable yield (B, .,/Bysy) ratios. Bold values are <1, indicating

that this group did not reach the group B, gy

Generally, when harvest occurred, it
had the strongest effect on each
group, particularly on elasmobranchs

S 4 S N , due to their low growth rate. Ground-
cenario Harveste ystem harvest By .,/B, gy : _
Climate Ground- ElaSInO-na Small System .flshes were also strongly affected, start
fishes  branchs pelagics ing at moderate levels of harvest (h =
0.2 to 0.3), but less so than elasmo-
1 0 N 1.26 1.60 0.95 1.26 branchs—due to the higher growth
2 0.01 N 1.26 1.49 0.96 1.23 rate for the groundfish functional
3 0.05 N 1.27 1.09 1.02 1.13 s
4 0.1 N 125 0.64 1.07 101 group. Additionally, release of com-
5 0.2 N 1.04 0.12 1.03 0.76 petitive effects when elasmobranchs
6 0.3 N 0.65 0.01 0.84 0.52 were also fished at the same level
7 0.5 N 0.04 0.00 0.33 0.12 tended to keep groundfish—and there-
8 0 M 1.26 1.60 0.95 1.26 fore system—biomass more stable at
9 0.01 Y 1.26 1.50 0.96 1.23 Y ;
10 0.05 Y 1.24 1.10 1.02 1.13 lower levels of harvest. Fmally, small
11 0.1 Y 1.20 0.65 1.08 0.99 pelagics were least affected by har-
12 0.2 Y 0.93 0.13 1.05 0.73 vest (h < 0.2), due to a combination of
13 03 M 0.49 0.01 0.88 0.48 having the highest growth rate among
14 0.5 Y 0.01 0.00 0.34 0.12
the 3 groups, and because of the

and 0.05), losses to biomass for the groundfish group
were mostly from interactions with elasmobranchs
(Fig. 5a,b). At h = 0.1, harvest accounted for a bit less
than half of the losses to biomass, with interactions
and climate effects approximately equal (Fig. 5c¢). At
h = 0.2 and above, elasmobranchs were greatly re-
duced in biomass, leaving harvest and climate effects
as the dominant losses to biomass for groundfishes
(Fig. 5d). At h = 0.3 and 0.5 (Fig. 5e,f), harvest effects
were strongest in the first few years, before climate
effects become dominant (about 50 % of losses to bio-
mass came from climate at h = 0.3 after about Year 17,
and greater than 75% of the losses to biomass came
from climate at h=0.5 by Year 30).

DISCUSSION

As might be expected, the relative importance
among the triad of drivers differed among the 3 func-
tional groups, and under different harvest scenarios.

Table 7. System harvest. Percentage of final biomass when
climate effects were turned on compared to turned off

Harvest Groundfishes Elasmo- Small System
branchs  pelagics
0 100.1 100.0 99.9 100.0
0.01 99.6 100.1 100.0 99.9
0.05 97.8 100.7 100.2 99.4
0.1 95.5 102.0 100.6 98.6
0.2 89.6 105.7 102.1 96.0
0.3 76.6 108.0 103.9 91.5
0.5 35.7 102.5 102.0 94.4

predatory release as groundfish and
elasmobranch biomass declined. These results are
similar to those seen in previous studies which
showed compensatory dynamics in the NEUS LME
(Fogarty & Murawski 1998, Auster & Link 2009).

Ecological interactions had the strongest overall
effect on small pelagics (predation from both of
the other 2 groups), and a moderate effect on ground-
fish (competition from the elasmobranchs). Elasmo-
branchs were less strongly affected by competition
from groundfish. Climate effects, since they targeted
groundfish specifically in our model, primarily resulted
in a decrease in groundfish biomass when applied,
with a corresponding increase in elasmobranch and, in
some scenarios, pelagic biomass, due to competitive
and predatory release, respectively. The interplay
among these factors, as simulated here, demonstrates
that the prominence of any driver can shift given the
dynamics and magnitude among the others.

When comparing the effects of the triad of drivers
on each group, small pelagics were most strongly
affected by ecological interactions, then harvest, and
then climate. Elasmobranchs were most strongly
affected by harvest, then ecological interactions, and
finally climate. Groundfishes, however, appeared to
be notably affected by all 3 drivers. Obviously as har-
vest increased in any class of scenarios, its effect
became increasingly dominant, and as long as elas-
mobranchs remained at relatively high biomass, the
corresponding ecological interactions also had a
large impact on groundfish biomass losses. Climate
tended to also have a stronger effect at higher har-
vest levels in our scenarios—indicating that climate
effects may be more important in heavily exploited
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Fig. 5. Proportional losses to biomass of groundfishes caused by the system harvest class of scenarios with climate effects on
(groundfish r

the relative effects of the triad of

drivers in our scenarios is dependent on the level of
harvest for each group. It is also important to be care-

different ranges,

ecosystems than in ones with lower levels of exploita-
tion. These results, while simulation only, are con-

firmed by other empirical and modeling studies (e.g.

ful in choosing the component species of each aggre-

Mackinson et al. 2008, Blanchard et al. 2010, Coll et

gate group, as a group with widely varying growth

rates or other characteristics can create issues of

al. 2010, Link et al. 20104, Shin et al. 2010a,b, Tyrrell

etal. 2011).

interpretation in the results. While we maintain that
it is likely the group as a whole would react with rel-

There are some important implications that come
from these results. Depending on the life history of
the groups, each of the triad of drivers can have very

ative stability, the individual species within that

group might not do so (see Auster & Link 2009,

Gaichas et al. 2012).

different impacts on each of the groups. Since har-

Other implications from our

vest was the only driver of the 3 that was toggled at
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models relate to harvest levels. For instance, h > 0.3
for any group results in the group as a whole having
a By, ., /Bysy ratio less than 1.0, while h = 0.1 results in
groups with moderate (groundfishes) or high (small
pelagics) growth rates having a By, ,, /B, sy ratio above
1.0. The effects of climate further lower the exploi-
tation rate at which this ratio drops below 1.0 for
groundfish, indicating that a more precautionary
exploitation rate should be considered under climate
change. While we do not recommend these as uni-
versal basic properties of ecosystems, even for the
NEUS LME, we do suggest that this kind of MSE
could explore such recommendations, given a properly
fitted ASP which incorporates climate and tropho-
dynamic effects. Obviously the choice of parameter
values (particularly r) greatly affects the results and
the relative importance, but we think that our results
generally demonstrate the utility of such an approach.
One of the strengths of our approach is that models
like AGG-PROD can elucidate the effects of the triad
of drivers on biological reference points (BRPs).
While one might qualitatively be able to predict the
effects of some of the drivers in isolation on indi-
vidual groups with no interactions between them, we
think that once multiple drivers (climate, inter-
actions, and fishing) are occurring at the same time,
a model such as AGG-PROD is very valuable, and
needed, in separating their effects on fish popula-
tions. Even though we explored only a comparison of
final biomass to B, sy, there are some general conclu-
sions we can draw. The most important might be that
in the presence of strong impacts from climate or eco-
logical interactions, the effects of setting F to any ref-
erence level are difficult to predict. Decreasing the
predators through increased harvest can cause for-
age fish to increase in some cases, but in other cases
interactions between predator groups, and differen-
tial effects of harvest on them, could result in more
complex effects which might be counterintuitive. Cli-
mate and environmental effects also have varying
impacts on the system, which should be taken into
account. Therefore, we propose that if trophody-
namic and climate effects are not explicitly included
in models which determine BRPs, a more conserva-
tive approach should be taken in estimating these
BRPs. An important consideration in this approach is
that the precision possible in this model for defining
BRPs (and the harvest rates corresponding to those
BRPs) is likely much greater than could realistically
be differentiated in an actual management setting.
This will need to be further explored when using
these models in a management context beyond a
management strategy type of approach.

ASPs like AGG-PROD can be very flexible and
valuable tools. For instance, one use is as an operating
model in an MSE context. While certain classes of
management actions are more difficult to simulate
(e.g. spatial management) using ASPs, these models
can be easily extended to include ecological interac-
tions and climate effects. In some cases, as we did
with groundfish growth rates, a simple modification to
a parameter (e.g. r or K) can approximate certain cli-
mate effects such as range contraction or population
size (Attrill & Power 2002, Nye et al. 2009). Addition-
ally, empirical and modeling studies have shown link-
ages between growth rates and climate change (Bran-
der 1995, O'Brien et al. 2000, Clark et al. 2003),
supporting this approach. Work to further develop
this modeling approach will include fitting model pa-
rameters to data, sensitivity analyses, and introducing
stochasticity representing environmentally driven
pressures on the fish populations. Additionally, ex-
ploring differential application of harvest rates across
the different groups is a logical next step, especially in
conjunction with exploring scenarios in a manage-
ment context of tradeoffs between yield and ecosystem
objectives. Ultimately, this model can be used to ex-
plore impacts on ecosystem function and yield under
multiple strategies (e.g. proportional harvest rates
based on productivity of the different stocks versus se-
lective fishing) (Garcia 2011, Rochet et al. 2011).

Aggregating groups as part of a surplus production
model has certain benefits. Many important fisheries
are multi-species fisheries, such as those which tar-
get groundfishes in the NEUS LME, the North Sea,
Southeast Australia, and similar temperate shelf
systems (ICES 1993, Smith 1994, CEFAS 2001), all
of which have management plans that reflect this
multispecies targeting. An ASP can easily explore
the effects from the triad of drivers on a level that
multi-species fisheries operate. Aggregate groups
also tend to be more stable than the individual com-
ponents (Fogarty & Murawski 1998, Auster & Link
2009), so this method can be used initially to deter-
mine robust harvest levels to achieve system and
aggregate group level BRPs. More complex models
which explicitly include multiple species can then be
used to examine the implications of those harvest
strategies on the individual components of an aggre-
gated group (as was done by Gaichas et al. 2012).
This 2-stage approach is also recommended due to
the observation that aggregated models may have
very different characteristics regarding community
stability, resilience, and other behaviors of the com-
ponents modeled, than one in which the components
are disaggregated (Pinnegar et al. 2005).
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An ASP model could also be used to provide a pre-
cautionary cap on biological reference points deter-
mined by a suite of single-species models. Since it has
been shown through multi-species and ecosystem
modeling exercises (Au 1973, Pope 1979, Collie &
Gislason 2001, Walters et al. 2005, Mueter & Megrey
2006, NEFSC 2008) and other analyses (May 1975,
Pope 1975, Brown et al. 1976, Fukuda 1976, May et al.
1979, Gislason et al. 2010, Tyrrell et al. 2011) that the
sum of single-species MSYs can be quite different
than the MSY of the corresponding multispecies
group, we suggest that BRPs resulting from an ASP
model could be utilized as the maximum total amount
that should be removed from the group. A further
consideration is that by not directly modeling species
interactions in our model, we would expect differ-
ences in the estimated BRPs in our approach com-
pared to a model in which those interactions were
present explicitly. As an example, not all species in
the groundfish group would be affected equally by
climate—in fact there might be species which would
show increased growth rates. Thus, while we recom-
mend ASPs as useful operating models, they should
be applied with an understanding of their limitations
as well as their strengths. Particularly we recommend
that they be part of a toolbox of models rather than
the sole operating model in an MSE.

With EBFM emerging (NMFS 1999, Link 2002a,b,
Pikitch et al. 2004, Link 2010), there is a need for tools
and methods that can evaluate the triad of drivers in
an MSE context (Link et al. 2010b,c), particularly in
the context of multi-species fisheries. We think that
the utility of ASPs with trophic interactions and cli-
mate effects modeled explicitly can be an important
element of EBFM by providing aggregate level refer-
ence points and as operating models in an MSE con-
text to explore the possible effects of changes in cli-
mate and the trophic structure of a fish community. We
recommend that they be used with other models, par-
ticularly multi-species models which also include the
triad of drivers explicitly, to fully explore the dynamics
of not only the aggregate groups of interest to a fishery
or management, but also the entire system and the
individual component species within that system.
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