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In New Zealand and Nova Scotia, lobster (Jasus edwardsii and Homarus americanus, respectively) is the most valuable export fishery.
Although stock assessments and indicators assist in evaluating lobster fisheries, ecosystem effects are largely unknown, hindering ecosystem-
based fisheries management (EBFM). We employed ecosystem models for the Cook Strait, New Zealand and western Scotian Shelf, Nova
Scotia, Canada, to evaluate trade-offs between catches and ecosystem impacts in lobster fisheries from single- and multi-species perspectives.
We ran simulations to independently determine exploitation rates that produced maximum sustainable yield (MSY) for lobster, and for all
fished groups. We then ran simulations using these MSY exploitation rates simultaneously, and simulations to maximize multi-species MSY
(MMSY). Our results indicate that current lobster exploitation rates in both regions are greater than those producing MSY, and have signifi-
cant ecosystem impacts. Simulating multi-species fisheries, in both systems the sum of single-species MSY for all fished groups was less than
the sum of catches where exploitation rates were run simultaneously. Runs maximizing MMSY across the entire ecosystem increased exploita-
tion rates on many fished groups, and produced even greater total catch—yet with much greater ecological costs—and in Nova Scotia, col-
lapses of sharks, large predators, and lobster themselves. As fisheries management moves towards multi-species and ecosystem-based
approaches, we suggest that MMSY targets should be treated similarly to MSY—not as a target, but a limit. Even then, careful evaluation is re-
quired before implementation to ensure that there are no undesirable economic or ecological consequences.

Keywords: Ecopath with Ecosim (EwE), ecosystem approach to fisheries, ecosystem-based fisheries management, Homarus americanus, Jasus
edwardsii, multi-species maximum sustainable yield (MMSY).

Introduction
Globally, fisheries catches have declined since the mid-1990s

(Pauly and Zeller, 2016) due to the depletion of many traditional

target species, which has been accompanied by the emergence of

new or intensified fisheries for non-traditional species, such as

many invertebrates (Anderson et al., 2011a; Eddy et al., 2016).

However the knowledge base with which to evaluate the impacts

of these expanding invertebrate fisheries is limited (Anderson

et al., 2008, 2011b). Many invertebrate species fetch high market

prices (Swartz et al., 2013) and demand is increasing, yet for

many stocks there are no formal stock assessments nor manage-

ment plans in place (Anderson et al., 2008, 2011b; Eddy et al.,

2016). The RAM legacy stock assessment database includes only

36 invertebrate stocks of a total of 331 stocks from 21 national

and international agencies (Ricard et al., 2011). Lobster fisheries

are one of the few invertebrate fisheries that are assessed or have

indicators, and in places like New Zealand, Australia, Nova

Scotia, and all of Canada, lobster is currently the highest value ex-

port fishery (DFO, 2013; MPI, 2014a). Studies investigating the

ecosystem impacts of fishing finfish (Bundy et al., 2009; Worm
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et al., 2009) and low-trophic levels (e.g. forage fish; Smith et al.,

2011) have indicated strong impacts on other species in the eco-

system, and recently, studies also indicate that some invertebrates,

including lobster, can play strong ecosystem roles as both preda-

tors and prey (Coll et al., 2013; Eddy et al. 2016).

Classically, fisheries have been managed as discrete units of in-

dividual stocks or species, with the aim of fishing at a level to

maximize the sustainable catch of a particular stock or species

over time, referred to as the maximum sustainable yield (MSY;

Hilborn and Walters, 1992). More recently, it has been recognized

that this reductionist approach can result in unintended conse-

quences, including strong impacts on the structure and function-

ing of the associated ecosystem via species interactions (e.g.

Pikitch et al., 2004; Collie et al., 2016). As a result, the traditional

single-species approach to fisheries has moved from MSY as a tar-

get to an upper limit (Worm et al., 2009), and fisheries manage-

ment considerations have broadened beyond just the

management of the species being harvested to consider other spe-

cies in the ecosystem (Browman et al., 2004; Pikitch et al., 2004;

Link, 2010). This ecosystem-based fisheries management (EBFM)

approach sets the management priority for the ecosystem as a

whole, rather than the target fishery, with the overall objective to

sustain healthy ecosystems and provide ecosystem services for hu-

mans, including fisheries (Pikitch et al., 2004; Essington and

Punt, 2011; Fogarty and McCarthy, 2014; Long et al., 2015). This

new form of management still has the same needs around accept-

able impacts and associated operational management criteria,

such as management targets and reference points. One such refer-

ence point is multi-species MSY (MMSY). This is analogous to

single-species MSY, but at an ecosystem scale—being the maxi-

mum sustainable yield across all exploited species in an ecosystem

(Walters et al., 2005; Worm et al., 2009). Ecosystem models are

one tool that can be used to explore what MMSY might look like,

but also how fishing at this level may affect associated ecosystems

(e.g. Worm et al., 2009; Smith et al., 2011; Garcia et al., 2012).

As with many other countries around the world, New Zealand

has seen strong increases in the number and total catch of com-

mercially fished invertebrate groups over the past 40 years

(Anderson et al., 2011a; Eddy et al., 2015). New Zealand is often

used as an example of a well-managed fishing nation (Pitcher

et al., 2009; Worm et al., 2009; Costello et al., 2012), especially

since the introduction of the quota management system in 1986.

This system gives quota holders the right to fish their share of the

total allowable catch (TAC). The TAC is determined on an an-

nual basis by the government department, the Ministry for

Primary Industries, and its value is dependent on the health of

the stock. Additionally, fishers and their representatives also in-

fluence quotas, and may elect to voluntarily reduce their quota in

a given year based on scientific information (i.e. lobster; Breen

et al., 2009). Economic efficiency is not an explicit goal of this

system, but has been an intended result (Annala, 1996; Newell

et al., 2005; cited in Miller and Breen, 2010). Presently red rock

lobster (Jasus edwardsii) is the country’s most valuable export

fishery, worth $250 million for 2 683 tonnes of lobster landed in

2013 (MPI, 2014a). Prior to the shift to the quota management

system, the lobster fishery was managed by input controls, such

as minimum legal size regulations, no take of egg-bearing females

and soft-shelled lobsters, and some local area closures. Most of

these input controls remain, however the limited entry provisions

were replaced by output controls of individual transferrable quota

(ITQ) to the previous license holders based on catch history

(MPI, 2014b). Presently, the legislated management goal is to

maintain stocks at or above the biomass that produces MSY

(BMSY). New Zealand has also committed to EBFM with the goal

of preserving the structure and function of marine ecosystems

(MPI, 2014b). However, although the New Zealand lobster fish-

ery may be sustainable and well managed from a single-species

perspective (Miller and Breen, 2010) and the potential ecosystem

effects of lobster exploitation through direct and indirect food-

web links have been studied (Eddy et al., 2014, 2015), less under-

stood is how the lobster fishery interacts with other fisheries in a

multi-fishery and ecosystem context.

In Nova Scotia, fisheries for invertebrates have also increased

in recent years, and at present, the top earning export fisheries are

for lobster, crab, and scallops (DFO, 2013). In 2012, American

lobster (Homarus americanus) was the highest valued export fish-

ery in Nova Scotia, worth $373.5 million for 25 924 tonnes (DFO,

2013) and was also the most valuable export fishery in all of

Canada, worth $1.06 billion for 58 370 tonnes (DFO, 2013). The

high Nova Scotian lobster catches in recent years have been at-

tributed to a reduction in the abundance of other predators in

the food web following the collapse of Atlantic cod (Gadus

morhua), leading to reduced ecological and economical resilience

of the ecosystem (Steneck et al., 2011). Like New Zealand, Nova

Scotia also employs input controls such as limited entry, fishing

seasons, and trap limits, as well as technical measures including a

minimum legal size and prohibition on landing berried females.

There are no output controls such as quotas (Tremblay et al.,

2013). Lobster are managed under an Integrated Fishery

Management Plan in Nova Scotia (DFO, 2011), which requires a

precautionary approach, with science advice to establish reference

points, consideration of species at risk, other by-catch issues, and

habitat impacts (DFO, 2011; Tremblay et al., 2013). The

Integrated Fishery Management Plan has conservation and socio-

economic goals: the main conservation goal is to limit negative

impacts on the ecosystem, and the main social and economic goal

is to help create the circumstances for economically prosperous

fisheries wherein fishing enterprises are more self-reliant, self-ad-

justing, and internationally competitive, including supporting

“healthy and prosperous Aboriginal communities” (IFMP, 2011).

Currently, the industry is applying for Marine Stewardship

Certification (MSC) to enable it to be more internationally

competitive.

Here, we evaluate the ecosystem effects of two long established

lobster fisheries in New Zealand and Nova Scotia, how they influ-

ence other species of commercial importance or conservation in-

terest, quantify the differences in ecosystem effects for MSY and

MMSY targets, and explore the ecological and catch trade-offs be-

tween exploitation levels and broader ecosystem consequences.

We employ two case studies with expanding invertebrate fisheries

and published ecosystem models; in Nova Scotia, Canada (west-

ern Scotian Shelf) and New Zealand (Wellington south coast,

Cook Strait). We then evaluate the impacts of the lobster and

multi-species fisheries from an ecosystem perspective.

Methods
Study areas and ecosystem models
Selection of study areas
We chose these two systems because they have both been exam-

ined and compared for their single-species fisheries management

(Miller and Breen, 2010), however not from multi-species and
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ecosystem perspectives. We were interested to investigate inverte-

brate fisheries, as invertebrates have been shown to have life his-

tory traits that produce different ecosystem effects and MSY

results than for finfish species ((Perry et al., 1999; Eddy et al.,

2016). Lobster fisheries are the most valuable export in both New

Zealand and Nova Scotia (DFO, 2013; MPI, 2014a), have fisheries

management plans (MPI, 2014b; DFO, 2011), and are well stud-

ied with accompanying Ecopath with Ecosim (EwE) ecosystem

models (Ara�ujo and Bundy, 2011; Eddy et al., 2014) that permit-

ted assessments from multi-species and ecosystem perspectives.

EwE uses a mass-balance approach to follow biomass as it flows

through, and is removed from, an ecosystem (Pauly et al., 2000;

Christensen and Walters, 2004a).

It has been shown that ecosystem model structure can affect

simulation results, with number of trophic groups, connectance

of the ecosystem, connectance of trophic groups, and relative bio-

mass of trophic groups as important factors (Collie et al., 2016).

To test that our results would not be driven by these factors

alone, we used a database of simulations of the ecosystem effects

of invertebrate fisheries of 73 different exploited invertebrate

groups from 12 different EwE models (including the two models

employed here; Eddy et al., 2016). The number of trophic groups

per model only explained 0.1% of observed variation in average

ecosystem impact, while ecosystem connectance explained 12.6%

of observed variation in average ecosystem impact, and relative

biomass of trophic group explained 0.04% of observed variation

in average ecosystem impact (Eddy et al., 2016). These results gave

us confidence that the simulation results presented here were not

solely driven by differences in ecosystem model structure.

New Zealand
The temperate Cook Strait region of New Zealand (41�S, 174�E)

is characterized by high wind and wave energy, and is the conflu-

ence of three currents (the East Cape, D’Urville, and Southland).

The rocky reef ecosystem is comprised of macroalgae (mostly

Lessonia variegata and Macrocystis pyrifera) as well as associated

encrusting invertebrate communities, which provide habitat for a

large number of invertebrate and vertebrate species (Eddy et al.,

2014). The commercial fishery in this region is dominated by the

rock lobster fishery (locally referred to as crayfish), however fish-

eries for finfish species such as blue cod (Parapercis colias) and

butterfish (Odax pullus) also exist. There are also recreational

fisheries for lobster, abalone (locally referred to as “paua”,

Haliotis australis and H. iris), and urchin (locally referred to as

“kina”; Evechinus chloroticus). EwE models were developed for

the Wellington south coast, a well-studied and representative area

of the Cook Strait, for the time periods 1945 and 2008 (Eddy

et al., 2014). These models were linked using time series of lobster

fishery mortality (F), calibrated to a time series of lobster bio-

mass, and were capable of reproducing historical trends of lobster

biomass (Eddy et al., 2014). A portion of the model area is now

protected by the Taputeranga Marine Reserve, which was estab-

lished in 2008, however the 2008 model was parameterized for

the exploited ecosystem prior to protection (Eddy et al., 2014).

The lobster fishery associated with our New Zealand study area is

for the crayfish 4 stock (CRA4), which spans a geographic range

from Hawke’s Bay on the east coast of the north island to the

Kapiti coast on the west coast of the north island. CRA4 was

heavily depleted in 1998, and resulted in fishers voluntarily agree-

ing to shelve (not fish) 41% of their quota in 2007 and 61% of

their quota in 2008 (Breen et al., 2009). Fisheries in the model

were parameterized for 5 of the 24 functional groups based on

2008 data (MPI, 2009).

Nova Scotia
Lobster landings over the entire east coast of North America have

increased dramatically since 1980s, and the largest fisheries land-

ings occur around the Gulf of St. Lawrence and Gulf of Maine. In

Nova Scotia, EwE models were developed for the formerly

groundfish dominated North Atlantic Fisheries Organization

(NAFO) Division 4X, located in a transition zone between the

Scotian Shelf Large Marine Ecosystem (LME) and the Northeast

U.S. Shelf LME (Sherman and Hempel, 2008, Ara�ujo and Bundy,

2011). North Atlantic Fisheries Organization (NAFO) Division

4X is comprised of the western Scotian Shelf and the Bay of

Fundy: the western Scotian Shelf is a wide continental shelf area

influenced by currents from the Labrador Current and the Gulf

of St. Lawrence; the Bay of Fundy is characterized by the magni-

tude of its tides, which generate intense vertical mixing caused by

bottom turbulence and generate high levels of marine productiv-

ity. Published NAFO Division 4X EwE models represent the aver-

age state of the ecosystem in the years 1995–2000 (Ara�ujo and

Bundy, 2011), and for 1970s, which served as starting point for

the dynamic simulations of past trends and calibration of model

parameters (Ara�ujo and Bundy, 2012). For comparative purposes,

the model used here was parameterized to represent the average

state of the ecosystem for 2008. The model has 58 functional

groups, 31 of which are fished (27 of these have been subjected to

heavy fishing). Lobster are managed by Lobster Fishing Areas

(LFA), four of which occur in the model area: LFA 34–38 (Ara�ujo

and Bundy, 2011). Most recent stock assessments indicate that

lobster stocks in all four LFAs are healthy, based on three key in-

dicators (landings, commercial catch rate and summer research

survey catch rate; Tremblay et al., 2012). The 3-year running av-

erages of these indicators were well above the proposed upper

stock reference points (DFO, 2014a,b). Exploitation rates in LFA

34 are high (average 0.71–0.77), but are not considered to put the

stock at risk since environmental conditions remain favourable

for lobster (Tremblay et al., 2013).

Modelling strategy
Lobster fisheries
We estimated single-species MSY for lobster in each model by

running simulations of varying exploitation rates (u) until the

model stabilized. During these simulations, the exploitation rates

of all other fished groups were held at their most recent levels

(2008). Level of lobster depletion was then calculated as the pro-

portion of lobster biomass at an exploitation rate i (Bi), compared

with unfished biomass (B0; 1�Bi/B0). Unfished biomass was cal-

culated from simulations with no lobster fisheries exploitation

(u¼ 0). The ecosystem impact of each exploitation rate was cal-

culated as the proportion of other functional groups in the model

with biomass changes of 6 20% and 6 40%, compared with the

simulation where lobster was unfished (u¼ 0).

Multi-species fisheries
The above simulations keep the fishing mortality of other species

at their current rates. However, exploitation rates for these species

also change through time, and in order to place lobster fisheries

in an ecosystem context and to include interactions with other
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fisheries, we explored optimal management strategies across all

exploited species using four approaches.

First, using the same method above as for lobster, we also esti-

mated exploitation rates that produced single-species MSY

(uMSY) for all other fished groups. These uMSY values were thus

calculated independently of each other as is the case in single-

species fisheries management, and did not consider interactions

among fisheries. The total theoretical ecosystem catch was thus

estimated as the sum of single-species MSYs.

Next, in order to understand how the fisheries interacted with

each other in a multi-species context, we ran a simulation that

simultaneously used all of the independently estimated single-

species uMSY values from above, in the same simulation. We

calculated the total ecosystem catch across all fisheries and calcu-

lated the associated ecosystem impacts as the proportion of func-

tional groups impacted by 6 40% biomass as well as the

proportion of functional groups that collapsed (<10% B0).

Thirdly, to explore a spectrum of possible ecosystem catches

and to explore where the optimum catch is located, we ran a se-

ries of simulations to capture the multi-species MSY (MMSY)

curve, using multiples of all uMSY values from above (k; k¼ 0, 0.1,

0.2, . . . 1, 2, 3, . . ., 20; sensu Walters et al., 2005; Worm et al.,

2009). The simulation described in the previous paragraph there-

fore corresponded to k¼ 1. We report the total ecosystem catches

and ecosystem impacts as a function of ecosystem level of deple-

tion, calculated as the proportion of total ecosystem biomass of

exploited groups for a fishing scenario compared with total

ecosystem biomass of exploited groups without fisheries exploita-

tion (1�Bi/B0).

The previous simulations varied the value of k of all exploita-

tion rates simultaneously. However it may be possible to achieve

a greater total ecosystem catch by varying exploitation levels for

individual groups independently (i.e. not by a common k multi-

ple). In our final set of simulations, we used the fisheries policy

search routine in EwE (Christensen and Walters, 2004b), to fur-

ther explore this parameter space, by varying economic and eco-

logical objectives with weightings between 0 and 1 (0, 0.1, 0.2, . . .,
1.0), which effectively maximize the objective based on the

weighting. For the ecological function (mandated rebuilding), the

objective was to achieve a targeted rebuilding biomass, which was

set to 40% of unfished biomass (or 60% depletion; sensu Worm

et al., 2009). The objective of the economic function [social value

(employment)] was to maximize the total ecosystem catch. We

highlight a “safe operating space”, for simulations that achieve

the ecological function of a mandated rebuilding target of 40%

unfished biomass for all exploited species. The results from these

simulations were combined with the results from the simulations

that varied the value of k from above, to produce an aggregate of

fisheries management scenarios with their resulting catches and

ecosystem impacts.

To investigate the relationship between the ecosystem exploita-

tion rate (u¼Ci/Bi; where Ci is the catch of ecosystem i) and the

ecosystem level of depletion (1�Bi/B0), we examined these rela-

tionships for MMSY simulations in each ecosystem to determine

if any step functions in ecosystem biomass with increasing exploi-

tation rate were observed.

Results
Lobster fisheries
Comparing current exploitation rates to the single-species MSY

results indicates that lobster exploitation rates for New Zealand

and Nova Scotia are presently higher than those predicted to pro-

duce MSY (12% greater level of depletion in New Zealand; 8%

greater level of depletion in Nova Scotia; Figure 1). The present

exploitation rates have similar effects on the broader ecosystem

for Nova Scotia (15% of groups have a biomass change of 6 20%

and 5% show a change of 6 40%) and New Zealand (17% of

groups have a biomass change of 6 20% and 8% show a change

of6 40%; Figure 1; Tables 1 and 2). Moreover, the potential for

future change, were exploitation rates to rise, is higher in New

Zealand than Nova Scotia. Responses for Nova Scotia show that

when the level of depletion of lobster reaches 90%, 28% of groups

change by at least 20%. In contrast, were New Zealand’s level of

depletion to rise from 55% to 90%, 38% of functional groups

would be affected by at least a 20% biomass change (Figure 1;

Tables 1 and 2).

In New Zealand, trophic groups that are predicted to be the

most negatively affected by lobster exploitation at MSY are the

unfished groups; sea cucumbers, sessile invertebrates, and

sponges, while the unfished groups birds, mobile invertebrate

herbivores, and phytal/infaunal inverts were predicted to increase

the most (Table 1). In Nova Scotia, increasing exploitation of lob-

ster has a positive effect on their prey species, such as small and

large crabs and echinoderms, and the larger predators, longhorn

sculpin, cod, haddock and halibut, all of which increase with in-

creasing exploitation of lobster (Table 2). In both systems, a

Figure 1. Lobster catches and ecosystem effects as a function of
lobster level of depletion (LOD) in New Zealand and Nova Scotia.
Catch is represented as the proportion of the catch compared with
the single-species lobster maximum sustainable yield (MSY).
Ecosystem effects are represented by the proportion of other
functional groups impacted by biomass changes of 6 20%
and 6 40% within the ecosystem as a function of the level of lobster
biomass depletion. Present lobster LOD is indicated by the vertical
line.
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decrease in current exploitation rates was projected to lead to an

increase in lobster catch.

Multi-species fisheries
Total multi-species catches for New Zealand and Nova Scotia in-

creased when moving from the sum of catches estimated from

single-species uMSY runs for individual groups (0.63 and 2.61 t/

km2, respectively), to the sum of catches when all uMSY values

were run simultaneously (0.71 and 3.27 t/km2, respectively), to

the sum of catches when MMSY was maximized (0.75 and 4.56 t/

km2, respectively; Tables 1 and 2). In New Zealand, these in-

creases were due to increases in catches of lobster and herbivo-

rous fishes (butterfish; Odax pullus), and in Nova Scotia, this was

mainly due to increases in catches of herring, mackerel, other pe-

lagics, and haddock.

For both the New Zealand and Nova Scotia models, the present

ecosystem levels of depletion (28.5% in New Zealand and 19.9% in

Nova Scotia) were less than those predicted to produce MMSY (39%

and 48%, respectively; Figure 2). Present ecosystem levels of deple-

tion were also lower than the levels of depletion in the simulation

where all of the exploitation levels for individual fisheries that pro-

duced MSY were simultaneously run in the same simulation (k¼ 1),

which for New Zealand was marginally higher at 29.3% level of de-

pletion and for Nova Scotia occurred at 24.3% level of depletion

(Figure 2). At these exploitation levels, the proportion of functional

groups with a biomass change of 6 40% was 21% and 32% in New

Zealand and Nova Scotia, respectively (Figure 2), and 21% in both

locations at current ecosystem level of depletion. In contrast, at ex-

ploitation levels predicted to produce MMSY, 33% of functional

groups were impacted by at least a 40% change in biomass in New

Zealand, although no groups collapsed (<10% B0), while in Nova

Scotia, 52% of groups were impacted by at least a 40% change in

biomass, and 17% of groups collapsed (<10% B0; Figure 2). We

have highlighted simulations that achieve a rebuilding mandate of

40% of unfished biomass (Figure 2); for New Zealand, this means

fishing at levels of ecosystem depletion <29%, while for Nova

Scotia, this means fishing at levels <18% ecosystem depletion.

Looking specifically at impacted groups in the MMSY scenar-

ios, in New Zealand, the biggest biomass declines for unexploited

species were for sea cucumbers, sponges, and sessile invertebrates,

which were 13%, 10%, and 5% lower in biomass compared with

the simultaneous MSY scenario (Table 1). Groups predicted to

show the greatest increases in biomass under the MMSY scenario

included birds, cryptic fishes, invertebrate feeding fishes, and mo-

bile invertebrate carnivores, with 29%, 24%, 15%, and 12%

greater biomass compared with the simultaneous MSY scenario

(Table 1). For Nova Scotia, under the MMSY scenario, numerous

groups were predicted to collapse, including sharks, large pe-

lagics, pollock (<49 and>49 cm size classes), demersal

Table 1 New Zealand ecosystem model trophic groups with trophic level (TL), prey groups (for consumers), and relative biomasses, catches,
and proportion of total catch for different fisheries management simulations.

Trophic
group TL

Prey
groups

MSY u
value

MMSY
u value

Relative
biomass at
lobster MSY

Relative
biomass
at k¼1

Relative
biomass
at MMSY

Catch at
k¼1
(t/km2)

Catch at
MMSY
(t/km2)

% of total
catch at
k¼1

% of total
catch at
MMSY

1 Birds 3.85 3, 4, 5, 6, 8, 11 1.35 1.95 2.52
2 Lobster 3.06 3, 4, 6, 8, 17, 19 0.4 0.7 0.57 0.78 0.69 0.53 0.60 75.4 79.1
3 Mobile invertebrates

herbivore
2.00 16, 17, 18, 19 1.16 1.19 1.26

4 Abalone 2.09 10, 16, 17, 18, 19 0.5 0.875 1.06 0.50 0.34 0.12 0.10 16.6 13.3
5 Urchin 2.09 10, 16, 17, 18, 19 0.4 0.7 1.05 0.54 0.40 0.025 0.023 3.6 3.1
6 Mobile invertebrates

carnivore
3.75 1, 2, 3, 4, 5,

6, 7, 8, 9, 10
1.08 1.26 1.42

7 Sea cucumber 3.22 23 0.91 0.74 0.64
8 Phytal/infaunal

invertebrates
2.30 16, 17, 22, 23 1.12 1.35 1.49

9 Sponges 2.79 21, 22, 23 0.93 0.79 0.71
10 Sessile inverts 2.79 21, 22, 23 0.93 0.89 0.85
11 Fish cryptic 3.57 8, 10, 20 1.14 1.64 2.03
12 Fish invertebrate feeders 3.88 3, 4, 5, 6, 8, 9, 10 1.05 1.38 1.59
13 Fish piscivores 4.77 11, 12, 13, 14, 15 0.3 0.525 1.07 0.56 0.43 0.0048 0.0046 0.68 0.61
14 Fish planktivores 3.89 8, 20, 23 1.02 1.23 1.31
15 Fish herbivores 2.00 17, 18, 19 0.1 0.175 1.00 0.71 0.63 0.027 0.029 3.8 3.9
16 Microphytes 1.00 0.99 0.99 0.99
17 Macroalgae canopy 1.00 0.99 1.00 1.00
18 Macroalgae foliose 1.00 1.00 1.01 1.02
19 Macroalgae crustose 1.00 1.05 1.07 1.10
20 Meso/macrozooplankton 3.17 20, 21, 22 1.02 1.00 1.00
21 Microzooplankton 2.42 21, 22, 23 1.02 1.07 1.09
22 Phytoplankton 1.00 1.00 0.99 0.99
23 Bacteria 2.22 23, 24 1.00 1.00 1.00
24 Detritus 1.00 1.00 1.00 1.00

The three different management simulations are: the simulation that maximized the single-species lobster MSY (only biomass response indicated), the simula-
tion where all single-species uMSY values were run simultaneously (k¼ 1), and the simulation that maximized MMSY. Biomasses are relative to unfished biomass
(1-Bi/B0). The “prey groups” column indicates which other trophic groups (according to numbered list) are preyed upon by consumers.
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Table 2 Nova Scotia ecosystem model trophic groups with trophic level (TL), prey groups (for consumers), and relative biomasses, catches, and
proportion of total catch for different fisheries management simulations.

Trophic
group TL

Prey
groups

MSY
u
value

MMSY
u
value

Relative
biomass at
lobster MSY

Relative
biomass
at k ¼1

Relative
biomass
at MMSY

Catch at
k¼1
(t/km2)

Catch at
MMSY (k¼1.8)
(t/km2)

% of total
catch at
k ¼1

% of total
catch at
MMSY

1 Whales 4.08 52, 33, 32, 53, 34 1.00 0.92 0.91
2 Toothed cetaceans 4.839 33, 38, 12, 32, 28 1.02 0.80 0.70
3 Seals 4.76 33, 24, 27, 34, 17 1.01 1.50 2.14
4 Sea birds 4.37 52, 32, 34, 35, 38 1.01 1.09 1.29
5 Sharks 4.72 33, 27, 23, 34, 32 0.054 0.11 1.00 0.34 0 0.00080 0 0.024 0
6 Large pelagic 4.77 40, 51, 19, 30, 11 0.167 0.33 1.01 0.43 0 0.0053 0 0.16 0
7 Cod <1 year 3.66 52, 42, 46, 53, 47 1.05 0.76 0.73
8 Cod 1–3 year 3.98 52, 42, 41, 33, 32 0.11 0.23 1.06 0.77 0.74 0.018 0.034 0.54 0.75
9 Cod 4–6 year 4.46 32, 34, 33, 24, 41 0.44 0.88 1.06 0.62 0.45 0.052 0.076 1.58 1.66
10 Cod �7 year 4.47 32, 34, 33, 24, 41 0.42 0.84 1.07 0.27 0.09 0.0036 0.0023 0.11 0.05
11 Silver Hake <25 cm 3.84 52, 42, 34, 46, 53 0.12 0.24 0.99 0.90 0.34 0.011 0.008 0.32 0.17
12 Silver Hake 25–31 cm 3.88 52, 42, 34, 53, 11 0.42 0.85 0.99 0.85 0.32 0.053 0.039 1.61 0.86
13 Silver Hake �31 cm 4.60 32, 52, 34, 33, 38 0.12 0.25 1.00 0.58 0.14 0.0037 0.0018 0.11 0.04
14 Halibut <46 cm 3.76 42, 52, 41, 32, 49 0.0020 0.0041 1.01 0.75 0.30 1.391E-05 1.10E-05 0.00043 0.00024
15 Halibut 46–81 cm 4.57 32, 12, 52, 41, 28 0.018 0.035 1.02 0.88 0.43 0.00027 0.00027 0.01 0.01
16 Halibut �82 cm 4.60 32, 12, 52, 41, 28 0.24 0.48 1.03 0.44 0.15 0.0043 0.0029 0.13 0.06
17 Pollock <49 cm 3.81 42, 52, 34, 53, 46 0.016 0.032 0.97 0.79 0.00 0.0022 0 0.068 0
18 Pollock �49 cm 4.06 52, 42, 33, 32, 35 0.21 0.43 0.97 0.58 0.00 0.092 0 2.81 0
19 Demersal piscvores 4.45 52, 32, 29, 33, 34 0.21 0.43 1.01 0.54 0.00 0.034 0 1.05 0
20 Large benthivores 3.48 43, 52, 42, 41, 47 0.13 0.25 0.95 0.42 0.00 0.011 0 0.35 0
21 Skates <49 cm 3.65 52, 42, 49, 53, 41 0.067 0.13 1.00 0.76 0.28 0.0039 0.0028 0.12 0.06
22 Skates �49 cm 3.89 42, 52, 24, 49, 41 0.12 0.24 1.00 0.61 0.16 0.0092 0.0047 0.28 0.10
23 Dogfish 4.31 52, 32, 51, 42, 33 0.086 0.17 0.89 0.44 0 0.13 0 4.00 0
24 Redfish 3.79 52, 42, 34, 53, 46 0.082 0.164 1.00 0.71 0.19 0.10 0.05 3.10 1.18
25 American plaice <26 cm 3.42 42, 44, 52, 43, 49 0.99 0.96 1.92
26 American plaice �26 cm 3.58 52, 47, 43, 49, 44 0.20 0.41 1.02 0.73 1.14 0.0082 0.0255 0.25 0.56
27 Flounders 3.22 49, 46, 48, 53, 44 0.13 0.25 1.02 0.54 0.00 0.041 0 1.27 0
28 Haddock <3 year 3.44 52, 49, 53, 47, 42 0.013 0.0256 0.99 1.01 2.79 0.0014 0.0076 0.04 0.17
29 Haddock �3 year 3.49 47, 52, 49, 42, 41 0.25 0.49 1.01 0.68 1.37 0.12 0.47 3.54 10.27
30 Longhorn sculpin <25 cm 3.74 52, 42, 41, 49, 34 1.01 2.00 9.06
31 Longhorn sculpin �25 cm 3.77 52, 42, 41, 34, 49 0.17 0.34 1.12 1.70 6.79 0.0045 0.0359 0.14 0.79
32 Herring <4 year 3.83 52, 42, 53, 46, 48 0.16 0.32 1.12 1.08 1.09 0.65 1.32 19.97 29.05
33 Herring �4 year 3.83 52, 42, 53, 46, 48 0.29 0.58 1.00 0.94 0.83 0.95 1.67 28.95 36.67
34 Other pelagic 3.60 52, 53, 42, 46, 56 0.14 0.27 1.01 0.99 1.27 0.14 0.37 4.38 8.07
35 Mackerel 3.76 52, 53, 42, 46, 49 0.12 0.24 0.99 3.58 7.40 0.055 0.227 1.68 4.99
36 Mesopelagic 3.37 53 1.02 1.31 1.71
37 Small-medium

benthivores
3.61 52, 42, 49, 46, 44 1.00 2.20 4.49

38 Squids 3.95 52, 42, 38, 49, 32 1.27 2.5 1.00 0.85 0.60 0.13 0.18 3.99 4.03
39 Lobster 3.07 44, 47, 58, 48, 49 0.40 0.80 1.00 0.44 0.00 0.41 0 12.44 0
40 Large crabs 3.18 44, 49, 43, 45, 47 0.21 1.50 2.71
41 Small crabs 2.63 58, 50, 49, 45, 48 1.11 1.97 3.98
42 Shrimps 2.62 58, 53, 52, 56, 49 1.14 1.22 1.56
43 Scallop 2.05 58, 56, 55 0.13 0.27 0.99 0.74 0.03 0.23 0.02 6.97 0.45
44 Bivalves 2.09 56, 55, 58 0.99 1.02 1.05
45 Other molluscs 2.84 44, 58, 50, 42, 46 1.00 0.92 0.90
46 Other arthropoda 2.04 58, 50, 46 0.99 0.98 0.94
47 Echinoderms 2.05 58, 44, 45, 48, 49 0.99 1.30 1.84
48 Sessile benthic groups 2.23 56, 58, 55, 52, 53 1.12 1.00 1.04
49 Worms 2.17 58, 50, 49, 46 1.00 0.98 0.92
50 Meiofauna 2.05 58, 50 0.99 0.98 0.94
51 Gelatinous zooplankton 3.41 53, 52, 54, 56, 55 0.99 1.18 1.29
52 Macrozooplankton 2.92 53, 58, 56, 54, 52 1.00 0.99 0.98
53 Mesozooplankton 2.37 56, 54, 55, 53 1.00 0.99 0.97
54 Microzooplankton 2.34 58, 56, 55, 54 1.00 1.00 1.00
55 Microflora 2.00 58 1.00 0.99 0.98
56 Phytoplankton 1.00 1.00 1.00 1.00
57 Discards 1.00 0.34 0.01
58 Detritus 0.91 1.00 0.99

The three different management simulations are: the simulation that maximized the single-species lobster MSY (only biomass response indicated), the simulation where
all single-species uMSY values were run simultaneously (k¼ 1), and the simulation that maximized MMSY. Biomasses are relative to unfished biomass (1-Bi/B0).
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piscivores, large benthivores, dogfish, flounders, and lobster

(Table 2). Groups that showed the greatest biomass increases

compared with the simultaneous MSY scenario were: longhorn

sculpin (<25 &>and>25 cm), mackerel, haddock (<3 years),

small-medium benthivores, small crabs, and large crabs with

706%, 509%, 392%, 278%, 229%, 201%, and 121% biomass dif-

ferences, respectively (Table 2).

Consequences of MMSY targets for lobster
In New Zealand, allowing exploitation rates to reach MMSY would

see lobster more heavily exploited than with MSY set as the manage-

ment limit, with a relative biomass of 69% of unfished biomass in

the MMSY scenario compared with 78% in the simultaneous MSY

scenario. Lobster catches are predicted to be greater in the MMSY

scenario at 0.60 t/km2 and accounting for 79% of total ecosystem

catch, compared with 0.53 t/km2 (comprising 75% of catch) in the

simultaneous MSY scenario (Table 1). In Nova Scotia, allowing for

MMSY results in lobster collapse, while in the simultaneous MSY

scenario lobster biomass is at 44% of unfished biomass, with catches

of 0.41 t/km2, accounting for 12% of total ecosystem catch (Table 2).

In New Zealand, the higher lobster catches under the MMSY

scenario come at a fisheries cost for abalone, sea urchin, and

piscivorous fishes, which decrease to 34%, 40%, and 43% of unf-

ished biomass, respectively, compared with biomasses of 50%,

54%, and 56% of unfished biomass under the simultaneous MSY

scenario (Table 1). The reduced biomasses of these groups in the

MMSY scenario also results in lower catches compared with the

simultaneous MSY scenario, with decreases of 15%, 8%, and 5%

for abalone, urchin, and piscivorous fishes, respectively (Table 1).

Herbivorous fishes decrease in biomass by 8% in the MMSY sce-

nario compared with simultaneous MSY, however catches in-

crease by 10% in the MMSY scenario (Table 1). In Nova Scotia,

the MMSY scenario results in the collapse of lobster, pollock

(>49 cm), and dogfish, while redfish and scallop biomasses de-

crease by 50% and 91% compared with the simultaneous MSY

scenario, respectively, leading to catch decreases of 73% and 96%

(Table 2). The ecosystem is essentially predicted to become sim-

pler under MMSY, after fishing down predators and releasing the

more productive groups from predation, resulting in increased

catches of lower trophic level species such as longhorn sculpin,

haddock, mackerel, and herring (Table 2).

MMSY and exploitation rates
While lobsters and their ecosystem roles were the focus of this

work, it is still informative to consider the shape of the overall

ecosystem exploitation patterns, as this provides a context for the

lobster findings. The relationship between the exploitation rate

(u) of the ecosystem and level of ecosystem depletion indicated a

logistic function for New Zealand, whereby at high exploitation

rates, the cumulative impacts on the ecosystem level of depletion

were attenuated (Figure 3). The cumulative impacts on the eco-

system level of depletion were also attenuated at higher exploita-

tion rates in Nova Scotia, but a step change was observed between

exploitation rates of 0.4–0.5, resulting in depletion increasing

from 48% to 90% (Figure 3). The ecosystem consequences of this

step change are substantial, as 12% of groups within the ecosys-

tem were projected to collapse at u¼ 0.4 which included sharks

and large pelagics, while at u¼ 0.5, 41% of groups are collapsed,

including toothed cetaceans. The resulting ecosystem is domi-

nated by sculpin (<25 and>25 cm) and mackerel, which are 21-,

14-, and 7-fold more abundant than when unfished, respectively

(Table 2). Catches are dominated by pollock (>49 cm), mackerel,

and sculpin (>25 cm), which account for 43%, 35%, and 12% of

the total catch, respectively (Table 2).

In the Nova Scotia model, there are 31 groups in the model that

are fished, 27 of which have been subjected to heavy fishing since

1950s (Zwanenburg et al., 2002). Of these, 13 have a present exploita-

tion rate that is estimarted to be within 6 20% of uMSY, while 6 fish-

eries have exploitation rates greater than uMSY. A few groups have

very low current exploitation rates, much lower than those predicted

to produce MSY, because they are barely fished (e.g. squids, other pe-

lagics, and longhorn sculpin), they are migratory or their biomass is

uncertain. The inclusion of these groups in the estimate of total eco-

system exploitation rate make it seem low (0.11). However, the aver-

age exploitation rate for the more heavily fished species is 0.3, which

is closer to that predicted to produce MMSY (0.39).

Discussion
Ecosystem impacts of lobster MSY and MMSY targets
Our results indicate that lobster fisheries in New Zealand and

Nova Scotia are presently fished at higher exploitation levels than

predicted to achieve MSY from single-species perspectives. This is

Figure 2. Ecosystem catches and ecosystem effects of multi-species
fisheries exploitation in New Zealand and Nova Scotia. Catch is
represented as the proportion of the predicted catch at multi-
species maximum sustainable yield (MMSY). Ecosystem effects are
represented by the proportion of other functional groups impacted
by biomass changes of 6 40% and decreases>90% within the
ecosystem as a function of the level of ecosystem depletion. The
simulation where all single-species uMSY values were run
simultaneously (k¼ 1) as well as the present ecosystem LOD are
indicated as vertical lines. The shaded regions (safe operating space)
indicate the simulations that satisfied the mandated rebuilding
criterion, where no individual exploited group dropped <40% of its
unfished biomass.
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predicted to have significant effects on other species in the ecosys-

tem through direct and indirect feeding linkages, and a reduction

of exploitation rates is predicted to both increase lobster catches

as well as reduce ecosystem impacts. Similar win–win situations

have also been shown for the reduction of other invertebrate fish-

eries, such as abalone and urchin fisheries in New Zealand (Eddy

et al., 2015).

Exploited groups other than lobster in both New Zealand and

Nova Scotia are presently fished at levels lower than predicted to

produce MMSY in our simulations. Interestingly, for both re-

gions, total ecosystem catch was lower when exploitation rates

predicted to produce MSY for individual species were run indi-

vidually or simultaneously compared with simulations that maxi-

mized MMSY. In both ecosystems, the exploitation level that

produced MMSY resulted in major changes in the ecosystem. In

Nova Scotia, at MMSY, 12% of all groups within the ecosystem

collapsed (<10% B0 biomass), and 29% of fished stocks col-

lapsed. The structure of the ecosystem changes with the loss of

most of the higher trophic level commercial species present,

which are “replaced” by lower trophic level species such as ben-

thic invertebrates and fin-fish like pollock, sculpin, and mack-

erel—which also comprised the majority of catches. The

predators of these low trophic level species, like marine mammals

and seabirds, also increase. Similarly, in New Zealand, at MMSY,

commercial species—abalone, urchin, and piscivorous fish—de-

crease while invertebrate feeding fishes, cryptic fishes, and mobile

invertebrate carnivores increase in biomass, as do their predators,

such as birds.

Importantly, these results indicate that for both the New

Zealand and Nova Scotia ecosystems, fishing at MMSY could

have broader ecosystem effects than fishing at MSY simulta-

neously across individual stocks. This is why attempts to find new

ecosystem based fishing strategies and reference points need to

recognize ecosystem structure and differential productive capacity

across species. It will not be sufficient to simply take single species

theories and apply them at ecosystem scales. Fishing in propor-

tion to productivity has been suggested as one means of dealing

with these issues (the “balanced harvest” concept; Garcia et al.,

2012), though debate continues around its true potential

(Burgess et al., 2015; Froese et al., 2016) and it was not explored

further here.

In both the New Zealand and Nova Scotia simulations, fishing

at MMSY—which occurs at higher ecosystem exploitation rates

than currently in use—leads to greater ecosystem effects, and

greater depletion of lobster (which crashes in Nova Scotia) com-

pared with the use of single-species MSY targets. In Nova Scotia,

the uMSY estimates are for an ecosystem that has been heavily

fished for decades. At the step change observed for MMSY at

u¼ 0.4, most stocks that were already heavily fished were proj-

ected to collapse, leaving species such as longhorn sculpin and

American plaice to contribute to MMSY at higher exploitation

levels, suggesting lower ecosystem resilience. The history of fisher-

ies exploitation on the western Scotian Shelf has been very unbal-

anced with high exploitation rates, as has been shown for the

eastern Scotian Shelf (Bundy et al., 2005). At present, lobster

catches on the Atlantic coast of Nova Scotia are the highest that

they have been historically (Miller and Breen, 2010), suggested to

be related to a simplification of the food web following collapses

of coastal groundfish stocks (Boudreau and Worm, 2010; Steneck

et al., 2011), although this has not been shown mechanistically.

In terms of lobster fisheries management, our results agree

with the analysis by Miller and Breen (2010), who concluded that

management of the lobster fisheries in New Zealand and Nova

Scotia could be improved. Through the use of ecosystem model-

ing, we have found that reducing current lobster fisheries exploi-

tation levels could improve fisheries catches and also reduce

ecosystem impacts. These findings have important implications

for EBFM of these fisheries, as we have provided evidence that

these fisheries are having impacts on the structure and function-

ing of associated ecosystems.

Fisheries interaction effects
Similarly to our findings, a study from the southern Benguela,

South Africa, for an ecosystem model developed with Atlantis

(Fulton, 2010; Fulton et al., 2011), also reported that the sum of

catches from simulations that applied uMSY levels individually

was lower than total catch from a simulation that applied uMSY

levels to all stocks simultaneously (Smith et al., 2014). These ob-

servations were explained by a greater catch of smaller fish, and

because the carrying capacity for smaller fishes increased as a re-

sult of decreased competition, and the carrying capacity of larger

fishes decreased due to fewer smaller fish for prey (Smith et al.,

2014). It has been found that in almost all cases examined, indi-

rect food-web effects increase the productivity of harvested spe-

cies, yields produced by simultaneously using uMSY values can

vary greatly from predicted uMSY values, and that the direction of

change in catch for individual groups is not consistently related

to trophic level (Walters et al., 2005). Examining 31 ecosystems

used in Worm et al. (2009), the sum of single-species MSYs was

less than MMSY in 61–71% of cases and came at a significant cost

Figure 3. Relationship between ecosystem level of depletion (LOD)
and ecosystem level exploitation rate (u¼ Ci/Bi) for Cook Strait,
New Zealand and western Scotian Shelf, Canada ecosystem models.
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to top and medium level predators. A closer examination of pro-

ductivity of different groups found that planktivores are most of-

ten the most productive exploited group and that the sum of

pelagic catches is almost always greater than the sum of demersal

catches (Gaichas et al., 2012; Lucey et al., 2012). Our results,

taken in combination with these studies, further supports the

need for fisheries management bodies to manage at both the level

of the ecosystem as well as at the level of individual stocks.

Strategies for EBFM
Discussions about how to apply EBFM have been ongoing for

more than a decade (special issue by Browman et al., 2004), with

no clear resolution. The combination of the existing global fishing

and biodiversity conventions underline that maintaining the

structure and functioning of the ecosystem is important (CBD,

2000; UN FAO, 2001), and this is reflected in national policies de-

fining the goals of EBFM (e.g. as is the case for both New Zealand

and Nova Scotia: MPI, 2014b; DFO, 2011). Finding useful refer-

ence points and generalizable strategies that achieve sustainable

catches while meeting the ecosystem structure and function re-

quirements is an ongoing exercise. One of the first steps is to see

whether concepts from single-species fisheries management trans-

late to ecosystem scales. In terms of fisheries management targets

for New Zealand and Nova Scotia, we suggest that just as MSY is

a limit for single-species fishing, MMSY should be considered an

upper ecosystem limit. While MMSY maximized the total catches

across ecosystems, it came with strong ecological costs in both

systems, and the collapse of both fished and unfished groups in

Nova Scotia, including lobster—the most economically valuable

fishery. This may be due, in part, to the simplified search criteria

used to find MMSY, as in reality, the estimation of a socially ac-

ceptable MMSY would be preceded by extensive involvement and

consultation with stakeholders to establish ecosystem and societal

objectives for the ecosystem, which would be incorporated into

the optimization methods to estimate exploitation rates that meet

these objectives. Such objectives could include a provision

whereby no species should collapse, or rebuilding strategies for

species with low biomass (Worm et al., 2009). If we consider only

the subset of simulations run here where the rebuilding criteria of

40% unfished biomass were met (the “safe operating space”,

Figure 2), there is much lower ecosystem impact. In these circum-

stances, for New Zealand, this would mean fishing at 75% of

MMSY levels, while for Nova Scotia it would mean fishing at

37% of MMSY levels. Catch under these scenarios is lower than

under MMSY, creating a tension with stakeholders or managers

whom solely focus on maximal food security provision. In New

Zealand, there is a 16% reduction from MMSY total catch to the

total catch in the simulation where no exploited group decreases

<40% unfished biomass, while in Nova Scotia this would require

a 46% reduction in total catch. Given that there has been a long-

term increase in lobster landings in most areas of Nova Scotia

and that current landings are at record highs (DFO, 2015), a 46%

reduction in landings would be a hard sell to the lobster fishing

industry.

Perhaps reassuringly for managers, it appears that for the two

ecosystems considered here, uMSY targets are presently a better

reference point than the apparently less ecologically conservative

MMSY explored here. In New Zealand, it just so happens that the

present ecosystem level of depletion is almost the same as that

predicted when maximizing single-species uMSY levels, which also

achieves the rebuilding mandate. However, we do point out that

from a single-species perspective, lobster is presently exploited at

levels higher than those predicted to produce MSY, a detail that

can be masked when aggregating all stocks up to the level of total

ecosystem catch. In Nova Scotia however, managing all individual

stocks at their individual uMSY levels would not achieve the re-

building mandate of 40% unfished biomass, suggesting that the

argument of doing good single-species fisheries management is

enough (Rice, 2011), might not be sufficient in itself to achieve

rebuilding mandates of all stocks, which we suggest is a central

tenant of EBFM.

Alternative fisheries management strategies such as balanced

harvesting have been proposed, such that fisheries exploitation is

proportional to productivity in order to maintain the size struc-

ture of individual species and the size structure and relative abun-

dances of species across ecosystems, and thus the structure and

functioning of ecosystems (Garcia et al., 2012). This results in

fisheries catches dominated by smaller, more productive species,

such as small pelagic fishes or productive invertebrates, but does

maintain more of the ecosystem structure (Garcia et al., 2012;

Jacobsen et al., 2014). At this stage, much work remains to be

done to determine feasible patterns of exploitation to produce

maximum sustainable catch (and thus food security) without

compromising ecosystem structure and function, and there have

been strong critiques of the approach (Burgess et al., 2015; Froese

et al., 2015). Furthermore, if such drastically different fishing pat-

terns are found to be more desirable than current approaches,

work needs to be done on how to transition between the fishing

patterns. For example, before balanced harvesting should even be

considered, the ecosystem structure should be in the desired state,

which may require the rebuilding of ecosystems, healthy fish pop-

ulations, and sustainable fisheries (Bundy et al., 2005; Garcia

et al., 2012). In terms of the ecosystems considered here, it is

unclear what a balanced harvest-like exploitation strategy would

mean for these systems in terms of implementation of the policy

or the consequences for fisheries catches and ecosystem impacts,

as that explicit pattern of fishing was not trialed.

Many of the studies that have considered the yield implications

of a balanced harvest approach have identified its heavy reliance

on lower trophic levels (Garcia et al., 2012; Jacobsen et al., 2014).

Similarly, the MMSY scenarios here indicate that in New

Zealand, this kind of approach would likely mean greater catches

of a lot of smaller pelagic species. A reliance on lower trophic

level fisheries is also observed in intensively fished ecosystems, as

higher trophic levels have often been heavily depleted. This was

observed here for the Nova Scotia ecosystem at exploitation rates

higher than predicted to produce MMSY, where there were signif-

icant costs to higher trophic levels. Bundy et al. (2005) employed

a related ecosystem model for the eastern Scotian Shelf, Nova

Scotia, to compare high levels of exploitation for: only top-level

predators and only low-trophic level groups, as well as moderate

exploitation of all trophic levels—according to balanced har-

vest—finding that selective fishing for only the low-trophic level

groups—not balanced harvest—maximized yield and minimized

ecosystem disturbance. Yet increasing exploitation of low trophic

level species can also have strong ecosystem effects, as recently

shown for forage fish and invertebrate fisheries (Smith et al.,

2011, Eddy et al., 2016). This further highlights why ecosystem

objectives need to be considered from different lenses—food se-

curity, profit maximization, and conservation—to determine

whether the selection of reference points that addresses all the
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criteria are possible (e.g. see Smith et al., 2011, who suggest con-

servative forage fish reference points to minimize ecosystem

effects).

Concluding thoughts
The Ecopath with Ecosim (EwE) ecosystem modeling approach

that we have employed here comes with trade-offs compared with

the single-species stock assessment approach that has been histor-

ically employed. In order to consider ecosystem impacts of fisher-

ies, inclusion of a majority of the functional groups in the food

web is required, along with their associated biological parameters

that describe their growth and consumption, as well as ecological

parameters that describe feeding relationships among the func-

tional groups. Including these parameters increases model com-

plexity and introduces additional uncertainty, which often

requires a more simplistic treatment of individual functional

groups, such as an absence of size structure. These trade-offs in

model complexity have been an ongoing consideration of ecosys-

tem modelling since the field’s inception, most recently reviewed

in detail by Collie et al. (2016), but simply cannot be avoided if

asking ecosystem-level questions.

As fisheries management agencies make the transition from

single-species to ecosystem-based management, it is important to

understand the impacts of different management targets and

strategies. Simply applying theoretical concepts from classical

fisheries science to ecosystems, without also applying hard learnt

lessons around those concepts is likely to perpetuate past mis-

takes. As is the current thinking for MSY, we suggest that if an

ecosystem is being managed under conservation as well as fisher-

ies (e.g. yield) objectives, then MMSY should be considered a

limit reference point, and not a target. MMSY can provide greater

ecosystem wide catches, but associated ecosystem effects should

be evaluated prior to implementation to ensure it does not com-

promise ecosystem and societal objectives. EBFM for species such

as lobster needs to consider their ecological role, as lobsters have

been shown to play important structuring roles within marine

ecosystems (Boudreau and Worm, 2010, 2012; Eddy et al., 2014).

While we have not explicitly considered the impact of changing

climatic conditions, it is clear from other studies (e.g. Cornwall

and Eddy, 2015 for New Zealand) that lobster management in fu-

ture oceans will also need to take into account ocean acidification

and other shifts in environmental conditions. In Nova Scotia, any

future recovery of the depleted groundfish stocks, such as cod, as

recently reported for nearby Newfoundland and Labrador (Rose

and Rowe, 2015), could see ecosystem roles now dominated by

lobster reoccupied by groundfish, possibly resulting in decreased

lobster abundances. This reinforces the messages of Miller and

Breen (2010), Brown et al. (2012), and Pershing et al. (2015) that

fisheries management is improved by quicker responses to

changes in stocks or fisheries, and is imperative for a changing

marine environment.
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