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Abstract
Fish stock productivity, and thereby sensitivity to harvesting, depends on physical

(e.g. ocean climate) and biological (e.g. prey availability, competition and preda-

tion) processes in the ecosystem. The combined impacts of such ecosystem pro-

cesses and fisheries have lead to stock collapses across the world. While traditional

fisheries management focuses on harvest rates and stock biomass, incorporating

the impacts of such ecosystem processes are one of the main pillars of the ecosys-

tem approach to fisheries management (EAFM). Although EAFM has been formally

adopted widely since the 1990s, little is currently known to what extent ecosystem

drivers of fish stock productivity are actually implemented in fisheries management.

Based on worldwide review of more than 1200 marine fish stocks, we found that

such ecosystem drivers were implemented in the tactical management of only 24

stocks. Most of these cases were in the North Atlantic and north-east Pacific, where

the scientific support is strong. However, the diversity of ecosystem drivers imple-

mented, and in the approaches taken, suggests that implementation is largely a

bottom-up process driven by a few dedicated experts. Our results demonstrate that

tactical fisheries management is still predominantly single-species oriented taking

little account of ecosystem processes, implicitly ignoring that fish stock production

is dependent on the physical and biological conditions of the ecosystem. Thus,

while the ecosystem approach is highlighted in policy, key aspects of it tend yet

not to be implemented in actual fisheries management.
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Introduction

The structure and functioning of marine ecosys-

tems change through time, thus altering the foun-

dations of fish stock productivity (Alheit and

Niquen 2004; Frank et al. 2007; Lilly et al. 2013;

Vert-pre et al. 2013). Climate variability and

change impact stock recruitment (Ottersen et al.

2013) and food availability through bottom-up

regulated processes (Frank et al. 2007; Stige et al.

2010; Dalpadado et al. 2014). Where interacting

predators and prey or competing species are

involved, changes in the one may impact the

other (Myers and Worm 2003; Frank et al. 2007;

Bundy et al. 2009). Such ecosystem interactions

typically affect the productivity of fish stocks (Fin-

ney et al. 2010; Vert-pre et al. 2013) and may

influence their sensitivity to harvesting rate. Sev-

eral stock collapses have been attributed to the

combined impacts of changing ecosystems and

intensive fisheries, including the Peruvian ancho-

veta (Engraulis ringens, Engraulidae), the Alaskan

Pollock (Theragra chalcogramma, Gadidae) and the

‘northern’ cod (Gadus morhua, Gadidae) off eastern

Canada (Alheit and Niquen 2004; Bailey 2011;

Lilly et al. 2013).

It could therefore be argued that management

systems should adapt to changing ecosystems to

enhance responsiveness and precision relative to

changes in stock production (Polovina 2005; King

and McFarlane 2006, Brown et al. 2012). Includ-

ing the impacts of ecosystem processes on fish

stock production is one of the main pillars of the

ecosystem approach to fisheries management

(EAFM), a management framework that has been

formally adopted by many governments and inter-

national organizations and agreements since the

1990s (House of Lords 1996; U.S. National Marine

Fisheries Service 1999; Pikitch et al. 2004; Bian-

chi et al. 2008). Nevertheless, Pitcher et al. (2009)

found that few countries are actually moving

towards EAFM. Despite the optimistic views that

fish stock responses to environmental variability

could be readily incorporated in management

advice (Quinn and Deriso 1999), fisheries manage-

ment is still predominantly based on a ‘single-spe-

cies equilibrium’ paradigm (Vert-pre et al. 2013).

This assumes that fluctuations in vital rates

(growth, mortality and recruitment) and the

resulting stock productivity are centred on a sta-

tionary mean at a given harvest rate, and that

stock production is predominantly linked to stock

abundance per se, which may be controlled

through regulating the harvest rate. Thus, if man-

agement targets, such as maximum sustainable

yield, are based on a high-productivity regime, a

shift to a low-productivity regime will result in

increased risk of overfishing. Conversely, manage-

ment targets based on a low-productivity regime

will result in overly cautious harvest during high-

productivity regimes (Vert-pre et al. 2013).

Policy documents welcome EAFM, and a large

number of studies have emphasized the deficien-

cies of single-species management (Pikitch et al.

2004; Hilborn 2011). However, to date no one

has performed an over-arching evaluation of the

extent to which ecosystem information has in fact

been included in tactical fisheries management

practice. Here, we report on an analysis of fish

stocks that are managed by 22 international and

two national fishery management bodies, with

regards to inclusion of ecosystem drivers of stock

productivity in tactical fisheries management,

which we define as advice for short-term decisions

on total allowable catch (quotas). We furthermore

assess how such implementation is associated with

regional science support. We expected that both

identification of such ecosystem drivers, and their

inclusion in management, are associated with

strong scientific support.

Materials and methods

Reports of assessment and management advice for

marine stocks across the world were reviewed to

identify stocks where ecosystem drivers of stock

productivity were included in the tactical manage-

ment decisions. These drivers could be included

either in the stock assessment models or in the

harvest control rules (HCRs). We included stocks

assessed and managed by (i) international regional

fishery bodies (RFBs); and (ii) the national man-

agement bodies of the USA and Australia (Tables

S1 and S2). These two countries were chosen as

they both manage a high number of fish stocks

and are at the forefront of EAFM development and

implementation (Pitcher et al. 2009).

Most RFBs have been established in association

with the Food and Agricultural Organization of the

United Nations to manage populations of fish,

marine mammals and seabirds. Currently, 44 RFBs

exist (http://www.fao.org/fishery/rfb/en), 31 of

which provide information on marine fish stocks

written in English. We found stock assessment
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reports and management advice on the web

from 22 RFBs (Tables S1 and S2). Including the US

and Australian national bodies, we reviewed

reports from around 1250 stocks (Tables S1 and

S2).

While comprehensive, our review is not a com-

plete coverage of all stocks managed by these

management bodies as (i) we primarily included

the most recent assessments reports that were

publicly available from the different management

bodies; (ii) we may have missed reports when

searching the web; and (iii) reports may be

unavailable on the web. There is also a geographic

bias in the reviewed material (Fig. 1). Reports in

English were found on few stocks from the south-

east Pacific, and on no stocks from the south-west

Atlantic. Several reports from Asian waters pro-

vided aggregated information across groups of

stocks which may have concealed relevant cases.

Apart from the geographic bias, none of the above

remarks are likely to change the general results

and conclusions presented in this study.

The volume of published papers from searches

on the ISI Web of Knowledge was used to assess

the scientific support in the different regions of the

world. The different regions consist of several

Large Marine Ecosystems (LMEs, http://www.lme.-

noaa.gov/index.php). In the search, we used two

terms: ‘LME (e.g. North Sea) and fish’ and ‘LME

and (ecosystem approach or ecosystem based) and

fish’ to assess scientific support within fish and

fisheries research and within research related to

ecosystem approach to management. The LMEs

included in the search are listed in Table S3 in the

Supporting Information.

Results

The 24 cases in which ecosystem drivers of stock

productivity were included in tactical management

advice made up 2% of the more than 1250 stocks

reviewed (Tables 1–3, Tables S1 and S2). Ecosys-

tem drivers were incorporated into the manage-

ment frameworks of both small pelagic (n = 9),

large pelagic (n = 4) and demersal fish stocks

(n = 8), as well as shrimps (n = 1), rockfish

(n = 1) and coral reef fish (n = 1, Tables 1–3),
thus including both short-lived and long-lived spe-

cies. The ecosystem drivers cover a range of physi-

cal factors such as temperature, upwelling and sea

ice coverage and biological factors including pri-

mary production, prey and predator abundance,

all of which influence a wide range of population-

dynamic processes such as recruitment, individual

growth, natural mortality, population intrinsic

growth rate and system carrying capacity

(Tables 1–3). Several methodological approaches,

both quantitative and qualitative, were also

employed (Tables 1–3). For example, when pre-

dicting the biomass of the Icelandic cod stock

1 year ahead, low individual weights were

assumed due to low abundance of the prime prey,

capelin (Mallotus villotus, Osmeridae, Table 3).

These short-term predictions are simulated stock

Figure 1 Number and geographic distribution of stocks reviewed in the current study. The numbers are summarized

from information provided in Tables S1 and S2.
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responses to different fishing mortalities and used

for setting quotas. For the Barents Sea cod,

recruitment is simulated post hoc using multiple

regression models with capelin biomass, ice cover-

age, water and air temperature, and oxygen satu-

ration as ecosystem drivers (Table 3).

Furthermore, before setting the Barents Sea fishing

quotas for capelin, the estimated food requirement

by cod is set aside to ensure a healthy cod stock

(Table 1). For sardines (Sardina pilchardus, Clupei-

dae) and anchovy (Engraulis encrasicolus, Engrauli-

dae) in the Mediterranean Sea, simple surplus

production models were fit to relative abundance

indices, and system carrying capacity K and

intrinsic growth rate r set to depend on the chlo-

rophyll concentrations in the sea, respectively

(Table 1). Finally, the survival and hence the

return of pink salmon (Oncorhynchus gorbuscha,

Salmonidae) to rivers is predicted using regression

models with ocean temperature and prey availabil-

ity among the drivers (Table 2).

The identified cases included both typically data-

rich stocks with high scientific support that

enabled estimates of population structure, vital

rates and total abundance to be incorporated in

quantitative stock assessments, and data-poor

stocks managed by relative abundance indices

such as catch per unit effort and simpler produc-

tion models, assuming rather than estimating the

population-dynamic processes involved (Tables 1–
3). The 24 cases were identified in the north and

south-east Pacific and the Atlantic, in regions with

low (e.g. south-east Atlantic) to high (e.g. north-

east Atlantic) scientific support (Fig. 2). Due to the

geographic bias in the number of stocks reviewed

(Fig. S1), geographic trends should be interpreted

with care. However, most cases (17) were found

in the North Atlantic and north-east Pacific. These

stocks are predominantly managed by the US, and

by EU and the Joint Norwegian–Russian Fisheries

Commission on advice from the International

Council for the Exploration of the Sea (ICES).

Table 1 Small pelagic fish stocks with ecosystem drivers of stock production included in the tactical management

framework. The table lists stocks as identified through review of fisheries management reports across the world. ‘Ref’

refers to reference list provided in Supporting Information.

Species
Ecosystem driver and implementation in
management framework Geographic region Ref

Sardine Sardina
pilchardus

Chlorophyll a index impacts K carrying capacity
in the surplus production model BioDyn

NEA (Mediterranean) 39

Sardines Sardina
pilchardus

An unspecified environmental index included in
Schaefer production model to account for sudden
drop in biomass

SEA (West Africa) 49

Sardine Sardinops
sagax

The harvestable fraction of the stock depended
on ocean temperatures

NEP 68

Anchovy Engraulis
Encrasicholus

Chlorophyll a index impacts the r intrinsic growth
rate in the surplus production model PopDyn

NEA (Mediterranean) 39

Anchovy Engraulis
encrasicholus

An upwelling index included in recruitment model NEA (Bay of Biscay) 69

Capelin Mallotus
villosus

Predation by cod implemented in mortality in
short-term predictions

BAR (Barents Sea) 34

Sprat Sprattus sprattus,
Clupeidae

Cod predation implemented in estimates of
natural mortality

NEA (Baltic Sea) 34

Herring Clupea harengus
membras

Cod predation implemented in estimates of
natural mortality. Biomass of prey and
temperature used in predictions of year-class
strength

NEA (Baltic Sea) 34

Atlantic menhaden
Brevoortia tyrannus

Natural mortality estimated in multispecies
virtual population analyses modelling
menhaden – predator interactions in a
Beaufort forward-projection model

NWA 70

NEA and SEA, north-east and south-east Atlantic; BER, Bering Sea; NEP, north-east Pacific; NWA, north-west Atlantic; BAR, Ba-
rents Sea.
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Discussion

Ecosystem drivers of stock production were

included in the tactical management advice of 24

cases, about 2% of the 1250 stocks reviewed. Seen

in the light of the overall conclusion of Vert-pre

et al. (2013), which ecosystem processes signifi-

cantly affected the productivity of 70% of the 230

fish stocks they examined, our findings are rather

alarming.

There are several reasons for the slow inclusion

of ecosystem processes in tactical fisheries manage-

ment. Including drivers may only be successful if

there is a good understanding of how ecosystem

processes stock production. If not reflecting the

underlying processes, simple correlations between

ecosystem metrics and stock responses often

change over time (Myers 1998). Furthermore,

adding ecosystem drivers to fish stock assessment

models may increase the estimation and measure-

ment uncertainty. For a useful implementation,

these sources of uncertainty need to be counter-

acted by decreasing the process uncertainty (Link

et al. 2011).

Non-stationary relationships, level of process

understanding and precision have indeed chal-

lenged the management of stocks where ecosystem

drivers have been included. The recruitment of

Pacific sardines was positively associated with sea

surface temperature (SST) measured at the Scripps

Institution of Oceanography pier, and in 1998,

the SST was included in the HCR to determine the

harvestable fraction of the stock (Zwolinski and

Demer 2014 and references therein). However,

from 2006 to 2012 there were successive recruit-

ment failures, despite high SST values. Fishing

continued, the stock biomass dropped to low levels

and the HCR with SST was abandoned in 2012

(Zwolinski and Demer 2014). Re-evaluations dem-

onstrated a disconnection between SST at the

Scripps pier and at the spawning grounds (McClat-

chie et al. 2010). Furthermore, Deyle et al. (2013)

found that sardine responses to SST depend on the

state of the anchovy population; changes in tem-

perature seem to have little or opposite effect in

periods with low abundance than in periods with

very high abundances. They argue that any tem-

perature-sensitive control rule for sardine should

be different at low, intermediate and high sardine

abundances. Similarly, the annual recruitment of

Bay of Biscay anchovy was significantly correlated

with an upwelling index and used as a basis for

predicting recruitment (Borja et al. 1998). In

2000, the spawning stock biomass based on this

prediction fell below precautionary thresholds, and

the total allowable catch was halved. However,

subsequent information indicated that the recruit-

ment prediction was a substantial underestimate,

and the use of the upwelling index in predictions

was abandoned (ICES 2000, 2001). In the Barents

Sea, cod consumption of capelin has been imple-

mented in short-term predictions of capelin stock

Table 2 Large pelagic fish stocks with ecosystem drivers of stock production included in the tactical management

framework. The table lists stocks as identified through review of fisheries management reports across the world. ‘Ref’

refers to reference list provided in Supporting Information.

Species Ecosystem driver and implementation in management framework Geographic region Ref

Pink salmon
Oncorhynchus gorbuscha

Return rates to rivers, and commercial catches, forecasted
by regression models using prey availability and ocean
temperatures as drivers of fish mortality

NP 20–21

Skipjack tuna Katsuwonus
pelamis, Scombridae

Spatial distributions estimated as responses to sea surface
temperature, oceanic currents and primary production in
the spatially resolved assessment model SeaPoDyn

EP 71

Swordfish Xiphias gladius,
Xiphiidae

Abundance indices modelled as lagged responses to ocean
climate, hydrographic and primary production drivers,
assumed to influence recruitment, and used as input
in the assessment model Stock Synthesis

SEP 71

Striped marlin Kajikia audax,
Istiophoridae

Abundance indices modelled as lagged responses to
ocean climate, hydrographic and primary production
drivers, assumed to influence recruitment, and used as
input in the assessment model Stock Synthesis

NEP 71

NP, North Pacific; NEP, SEP and EP, north-east, south-east and eastern Pacific.
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biomass since the 1990s (Gjøsæter et al. 2014).

Retrospective analyses performed by Gjøsæter et al.

(2014) demonstrated that the cod stock predic-

tions used for estimating consumption were con-

sistently too small. This bias has resulted in

predictions of too large capelin stocks and there-

fore the setting of larger quotas than prescribed by

the agreed HCR. Nevertheless, the capelin man-

agement has been successful in securing a sustain-

able stock over the last 20 years, either because

fewer spawners are needed to secure good recruit-

ment than expected when defining the biomass

reference points or because the capelin stock is

also underestimated. Furthermore, the current

capelin management regime with cod consump-

tion implemented is more cautious than the earlier

management regimes (Gjøsæter et al. 2014).

Finally, regression models used to predict pink

salmon survival and returns have been run since

2004, and the models are rerun every year with a

set of competing drivers reflecting the biophysical

environment (Table 2 and references therein).

While the predicted harvest rates generally lie

within 0–17% of the actual harvest rates, the pre-

diction in 2006 was 209% higher than the catch,

clearly indicating that the available drivers

included in the models do not capture all major

processes influencing salmon survival (Table 2

and references therein).

Lack of familiarity and comfort with new man-

agement frameworks probably slows down the

process of implementation (Hilborn 2012). It has

been argued that large international management

bodies in particular may be reluctant to adopt

new approaches as methodological consistency is

important for reaching agreements (Hilborn

Table 3 Demersal fish stocks, and rockfish, snapper and shrimp stocks, with ecosystem drivers of stock production

included in the tactical management framework. The table lists stocks identified through review of fisheries

management reports across the world. ‘Ref’ refers to reference list provided in Supporting Information.

Species
Description of ecosystem driver and implementation
in management framework Geographic region Ref

White hake Merluccius
merluccius

North Atlantic Oscillation index set to influence
stock abundance in a Schaefer surplus production model

SEA (West Africa) 47

Cod Gadus morhua A suite of physical environment and prey indices
implemented in the recruitment function in an
XSA assessment model

BAR 34

Cod Gadus morhua Low weights assumed in short-term predictions
due to low capelin abundance in the ecosystem,
in a forward-based statistical catch-at-age model

NWA (Iceland) 34

Cod Gadus morhua Biophysical drivers included in adjusting longline
CPUE indices before entered in a XSA
assessment model

NEA (Faroe plateau) 34

Cod Gadus morhua Natural mortality due to predation estimated in
multispecies model

NEA (North Sea) 35

Haddock Melanogrammus
aeglefinus

Biophysical drivers included in adjusting longline
CPUE indices before entered in a XSA assessment
model

NEA (Faroe plateau) 34

Haddock Melanogrammus
aeglefinus

Natural mortality due to predation by cod implemented
in mortality in an XSA assessment model

BAR 34

Whiting Merlangius
merlangus

Estimates of natural mortality due to predation from
multispecies model

NEA (North Sea) 34

Shortbelly rockfish
Sebastes jordani,
Sebastidae

Numbers of age 0 fish in seabird and seal diet used
as abundance indices in a Stock Synthesis II (SS2)
assessment model

NWP (California Current) 72

Mutton snapper Lutjanus
analis, Lutjanidae

Physical drivers included in adjusting abundance
indices before entered into an ASAP assessment model

SWA (South Atlantic/Gulf of Mexico) 74

Shrimps Pandalus
borealis, Pandalidae

Predation by cod set to affect natural mortality in a
Schaefer Surplus Production model

NWA (West Greenland) 73

NEA and SEA, north-east and south-east Atlantic; BAR, Barents Sea; NWP, north-west Pacific; NWA and SWA, north-west and
south-west Atlantic.
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2012). Yet, our results demonstrate that most

cases were found within ICES, a large manage-

ment advisory body (20 member states). Finally,

while ecosystem effects on fish stock population

dynamics and production are scientifically interest-

ing, not all impacts are equally useful for fisheries

management. A number of simulation studies

demonstrate that the gain of including ecosystem

drivers of stock production into management deci-

sions is not clear-cut, and may depend on the

dynamics and predictability of the environmental

changes, the strength of the stock responses to

ecosystem drivers and the life history of the stock

(e.g. Basson 1999; De Oliveira and Butterworth

2005; Polovina 2005; King and McFarlane 2006;

A’mar et al. 2009; Brunel et al. 2010). In short-

lived stocks as illustrated by small pelagic fish, the

performance of a management regime may depend

on relatively rapid responses to ecosystem changes

affecting recruitment, determining the near-imme-

diate appearance of new year-classes in the fishery

(Freon et al. 2005; King and McFarlane 2006;

Lehodey et al. 2006; Rice 2011). This may not be

the case in long-lived stocks as represented by

large demersal fish, as annually updated assess-

ments consist largely of cohorts monitored for sev-

eral years. The management of long-lived stocks

may be more sensitive to, for example, predation

affecting natural mortality (Bax 1998; Rice 2011).

Nevertheless, in the identified cases, ecosystem

drivers of recruitment were included for both

short-lived pelagic fish and long-lived demersal fish

(Tables 1 and 3). Drivers of natural mortality

were, however, included for demersal fish, and for

shrimps (Table 3). Finally, the ecosystem must be

monitored on an operational basis, and the perti-

nent information made available in sufficient time

to be incorporated into annual or multiannual

management advice, at an affordable cost.

The diversity of ecosystem drivers and

approaches taken, even between stocks of the

same species (Tables 1–3), suggests that inclusion

of ecosystem drivers in tactical fisheries manage-

ment is a bottom-up driven process by individual

or groups of scientists, adapting their approaches

to local conditions of data availability and their

BAR

NWP

BER

SWP

IND

SWA

SEA

NWA

NEA

SEP

NEP

ANTARCTFish + EA
Fish

Cases

N = 6.3

Figure 2 Geographic distribution of tactical fisheries management frameworks incorporating ecosystem drivers of stock

production, and regional scientific support. The extent of the scientific support was assessed through using the number

of publications found in the ISI Web of Knowledge using the terms ‘fish’ (blue bars, numbers in 1000s) and ‘ecosystem

approach or ecosystem based and fish’ (green bars, numbers in 100s) for different geographic regions (details on web

search results are provided Materials and methods and in Table S4). Red bars indicate the number of stocks with

ecosystem drivers implemented in stock assessment and management advice that have been identified in this review.
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understanding of the processes involved. Yet, most

cases were identified among US and ICES stocks.

Both US and northern ICES countries have long

traditions in monitoring the marine environment

and fish stocks, which has supported a large num-

ber of studies on ecosystem drivers of fish stock

productivity (e.g. Hallowed et al. 2011; Link et al.

2011; Ottersen et al. 2013; Fig. 2). With such sci-

entific support, scientists have put the inclusion of

ecosystem effects on the agenda in fisheries man-

agement bodies, and positioned these regions at

the forefront of EAFM implementation (Pitcher

et al. 2009; Hallowed et al. 2011; Link et al.

2011). Although Australia is also a leading propo-

nent of EAFM implementation (Pitcher et al.

2009), we were unable to locate any direct use of

ecosystem drivers in Australian tactical fisheries

management frameworks. That country’s main

focus is on the effects of fisheries on ecosystems

(Fletcher 2008), another important pillar of EAFM

(Bianchi et al. 2008). Our results thus suggest that

regional scientific support and policies are more

important than the size of the management body

in supporting bottom-up initiatives on implemen-

tation of new management frameworks.

While direct inclusion of ecosystem drivers was

rare, general descriptions of ecosystem impact on

stock productivity were offered far more fre-

quently, and used as ‘contextual’ assessments.

This suggests that for many stocks, the causal

mechanisms and the proof of concepts have

already been established and available for model

testing and implementation (e.g. Link et al. 2011).

The importance of actually doing so was high-

lighted in many assessment reports. Some contex-

tual assessments may also have influenced the

tactical decisions through informal processes not

stated in the assessment reports. However, it is

our impression that these contextual assessments

were predominantly provided as guidelines or aux-

iliary information, while the actual management

decisions were based on the more traditional stock

monitoring data.

Our results demonstrate that there is a long way

to go before more than a small percentage of the

world’s marine stocks are actually managed in

accordance with EAFM principles. They also indi-

cate that management frameworks including eco-

system processes in tactical fisheries management

are still in their infancy. Ecosystem drivers have

been abandoned in some cases due to erroneous

stock predictions (e.g. Bay of Biscay anchovy, Paci-

fic sardines) based on non-stationary relationships

with ecosystem drivers, while others are still in use

Iden�fy main ecosystem 
drivers

Through analyses of variance 
reduc�on and process studies

Adjust and assess
-monitoring programs and stock 

assessment models
-process vs measurement 

uncertainty

Assess ecosystem impact on varia�on in stock produc�vity 

Con�nue 
Harvest rate based monitoring and 

management

Perform monitoring and stock assessment 
Provide management advice

A

B

C

D

E

F

Figure 3 A suggested framework for including ecosystem drivers of stock production into an adaptive fisheries

management framework. (A) First, estimate variance in stock productivity caused by stock abundance and harvest rates

vs. ecosystem processes. (B) If harvest rate is the main driver of stock productivity, control of harvest rate remains the

main tool. (C) If (also) ecosystem processes significantly impact stock productivity, identify the relevant ecosystem

drivers through analyses of variance reduction and focused process studies. (D) Modify monitoring programmes and

stock assessment models to incorporate relevant processes and drivers. (E) Provide advice and (F) reassess the

management strategy on a regular basis.
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after decades of implementation (e.g. Barents Sea

capelin, cod and haddock (Melanogrammus aeglefi-

nus, Gadidae), Baltic sprat (Sprattus sprattus, Clupei-

dae), herring (Clupea harengus, Clupeidae) and cod,

Atlantic menhaden (Brevoortia tyrannus, Clupeidae)

and Pacific pink salmon, references in Tables 1–3).
Our advice is that when a stock is known or

expected to respond to changes in the ecosystem,

alternative management strategies should be con-

trasted in formal Management Strategy Evaluations

(MSE, Butterworth and Punt 1999). In MSE, simu-

lations of each step in the management cycle are

run, including the responses of fish stocks to eco-

system change scenarios, to test the robustness and

precision of different management frameworks. A

roadmap for such an MSE process is outlined in

Fig. 3. The crucial steps include minimizing the ad

hoc variance by implementing ecosystem drivers of

stock production. A key factor here is the cost of

adjusting monitoring programmes to adequately

cover the influential ecosystem processes. This

approach may differ from current practice,

whereby single-species abundance surveys, fisher-

ies monitoring programmes and models developed

for single-species management are often used as a

basis for implementing the key ecological process

information. After deciding on the strategy, the

appropriate monitoring and fish stock assessment

models are applied. As ecosystems are dynamic, dif-

ferent states may require emphasis on different eco-

system drivers; we therefore suggest an adaptive

approach with re-evaluation after each manage-

ment cycle (Walters 1986). Alternatively, when

variance reduction through the inclusion of ecosys-

tem drivers remains difficult, management frame-

works that are robust to, rather than adapting to,

changing ecosystems should be evaluated, even at

the cost of reduced harvesting rates (Froese et al.

2011; Punt et al. 2013).

The increasing flexibility of assessment software

and simulation tools already provides several

options for testing assumptions in fish stock assess-

ments and for adding (potential) ecosystem drivers

of stock productivity in MSE (Skagen et al. 2013;

Wayte 2013). Using such structured MSE

approaches (Fig. 3) across stocks within manage-

ment bodies will aid the development of well-defined

and realistic goals for EAFM implementation,

identify the scientific and monitoring support

required, and possibly speed up the implementa-

tion of EAFM principles in tactical fisheries man-

agement.

Acknowledgements

This study was financed by the Research Council

of Norway through the Strategic Institute Pro-

gramme ADMAR, grant no. 200497/130 and

130 and the European Union Seventh Framework

Programme project EURO-BASIN (ENV.2010.2.2.

1-1) under Grant Agreement No. 264933.

References

Alheit, J. and Niquen, M. (2004) Regime shifts in the

Humboldt Current ecosystem. Progress in Oceanography

60, 201–222.

A’mar, Z.T., Punt, A.E. and Dorn, M.W. (2009) The

impact of regime shifts on the performance of manage-

ment strategies for the Gulf of Alaska walleye pollock

(Theragra chalcogramma) fishery. Canadian Journal of

Fisheries and Aquatic Sciences 66, 2222–2242.

Bailey, K.M. (2011) An empty donut hole: the great col-

lapse of a North American fishery. Ecology and Society

16, 8.

Basson, M. (1999) The importance of environmental fac-

tors in the design of management procedures. ICES

Journal of Marine Science 56, 933–942.

Bax, N.J. (1998) The significance and prediction of pre-

dation in marine fisheries. ICES Journal of Marine Sci-

ence 55, 997–1030.

Bianchi, G., Sandberg, P., Skjoldal, H.R. and Th�orarins-

son, K. (2008) The Bergen Conference on implement-

ing the ecosystem approach to fisheries: summary and

main conclusions. In: The Ecosystem Approach to Fisher-

ies (eds G. Bianchi and H.R. Skjoldal). CAB interna-

tional and Food and Agriculture Organization of the

United Nations (FAO), Rome, pp. 1–19.

Borja, A., Uriarte, A., Ega~na, J., Motos, L. and Valencia, V.

(1998) Relationships between anchovy (Engraulis encra-

siocolus) recruitment and environment in the Bay of Bis-

cay (1967–1996). Fisheries Oceanography 7, 375–380.

Brown, C.J., Fulton, E.A., Possingham, H.P. and Richard-

son, A.J. (2012) How long can fisheries management

delay action in response to ecosystem and climate

change? Ecological Applications 22, 298–310.

Brunel, T., Piet, G.J., van Hal, R. and Rockmann, C.

(2010) Performance of harvest control rules in a vari-

able environment. ICES Journal of Marine Science 67,

1051–1062.

Bundy, A., Heymans, J.J., Morissette, L. and Savenkoff, C.

(2009) Seals, cod and forage fish: a comparative explo-

ration of variations in the theme of stock collapse and

ecosystem change in four Northwest Atlantic ecosys-

tems. Progress in Oceanography 81, 188–206.

Butterworth, D.S. and Punt, A.E. (1999) Experiences in

the evaluation and implementation of management

procedures. ICES Journal of Marine Science 56, 985–

998.

© 2015 The Authors. Fish and Fisheries Published by John Wiley & Sons Ltd, F I SH and F I SHERIES , 17, 165–175 173

Ecosystem processes in management M Skern-Mauritzen et al.



Dalpadado, P., Arrigo, K.R., Hjøllo, S.S. et al. (2014) Pro-

ductivity in the Barents Sea – response to recent cli-

mate variability. PLoS One 9, 1–15.

De Oliveira, J.A.A. and Butterworth, D.S. (2005) Limits

to the use of environmental indices to reduce risk and/

or increase yield in the South African anchovy fishery.

African Journal of Marine Science 27, 191–203.

Deyle, E.R., Fogarty, M., Hsieh, C.H. et al. (2013) Predict-

ing climate effects on Pacific sardine. Proceedings of the

National Academy of Sciences of the United States of

America 110, 6430–6435.

Finney, B.P., Alheit, J., Emeis, K.C., Field, D.B., Gutierrez,

D. and Struck, U. (2010) Paleoecological studies on

variability in marine fish populations: a long-term per-

spective on the impacts of climatic change on marine

ecosystems. Journal of Marine Systems 79, 316–326.

Fletcher, W. (2008) Implementing an ecosystem

approach to fisheries management: lessons learned

from applying a practical EAFN framework in Austra-

lia and the Pacific. In: The Ecosystem Approach to Fish-

eries (eds G. Bianchi and H.R. Skjoldal). CAB

international and Food and Agriculture Organization

of the United Nations (FAO), Rome, pp. 112–124.

Frank, K.T., Petrie, B. and Shackell, N.L. (2007) The ups

and downs of trophic control in continental shelf eco-

systems. Trends in Ecology & Evolution 22, 236–242.

Freon, P., Cury, P., Shannon, L. and Roy, C. (2005) Sus-

tainable exploitation of small pelagic fish stocks chal-

lenged by environmental and ecosystem changes: a

review. Bulletin of Marine Science 76, 385–462.

Froese, R., Branch, T.A., Proelss, A., Quaas, M., Sains-

bury, K. and Zimmermann, C. (2011) Generic harvest

control rules for European fisheries. Fish and Fisheries

12, 340–351.

Gjøsæter, H., Bogstad, B., Tjelmeland, S. and Subbey, S.

(2014) A retrospective evaluation of the Barents Sea

capelin management advice. Marine Biology Research

11, 135–143.

Hallowed, A.B., Aydin, K.Y., Essington, T.E. et al. (2011)

Experience with quantitative ecosystem assessment

tools in the northeast Pacific. Fish and Fisheries 12,

189–208.

Hilborn, R. (2011) Future directions in ecosystem based

fisheries management: a personal perspective. Fisheries

Research 108, 235–239.

Hilborn, R. (2012) The evolution of quantitative fisheries

management 1985–2010. Natural Resource Modeling

25, 122–144.

House of Lords (1996) Fish Stock Conservation and

Management. House of Lords, Session 1995–96, Paper

25.

ICES 2000. Section 10: Anchovy—Sub-area VIII. Report of

the Working Group on the Assessment of Mackerel,

Horse Mackerel, Sardine and Anchovy (WGMHSA),

14–23 September 1999, ICES Headquarters, Copenha-

gen. ICES CM 2000/ACFM:05, pp. 409–466.

ICES 2001. Section 11: Anchovy—Sub-area VIII. Report of

the Working Group on the Assessment of Mackerel,

Horse Mackerel, Sardine and Anchovy (WGMHSA),

14–23 September 2000, ICES Headquarters, Copenha-

gen. ICES CM 2001/ACFM: 06, pp. 340–414.

King, J.R. and McFarlane, G.A. (2006) A framework for

incorporating climate regime shifts into the manage-

ment of marine resources. Fisheries Management and

Ecology 13, 93–102.

Lehodey, P., Alheit, J., Barange, M. et al. (2006) Climate

variability, fish, and fisheries. Journal of Climate 19,

5009–5030.

Lilly, G.R., Nakken, O. and Brattey, J. (2013) A review of

the contributions of fisheries and climate variability to

contrasting dynamics in two Arcto-boreal Atlantic cod

(Gadus morhua) stocks: persistent high productivity in

the Barents Sea and collapse on the Newfoundland

and Labrador Shelf. Progress in Oceanography 114,

106–125.

Link, J.S., Bundy, A., Overholtz, W.J. et al. (2011) Eco-

system-based fisheries management in the Northwest

Atlantic. Fish and Fisheries 12, 152–170.

McClatchie, S., Goericke, R., Auad, G. and Hill, K.

(2010) Re-assessment of the stock–recruit and temper-

ature–recruit relationships for Pacific sardine (Sardinops

sagax). Canadian Journal of Fisheries and Aquatic Sciences

67, 1782–1790.

Myers, R.A. (1998) When do environment-recruitment

correlations work? Reviews in Fish Biology and Fisheries

8, 285–305.

Myers, R.A. and Worm, B. (2003) Rapid worldwide

depletion of predatory fish communities. Nature 423,

280–283.

Ottersen, G., Stige, L.C., Durant, J.M. et al. (2013) Tem-

poral shifts in recruitment dynamics of North Atlantic

fish stocks: effects of spawning stock and temperature.

Marine Ecology Progress Series 480, 205–225.

Pikitch, E.K., Santora, C., Babcock, E.A. et al. (2004)

Ecosystem-based fishery management. Science 305,

346–347.

Pitcher, T.J., Kalikoski, D., Short, K., Varkey, D. and Pra-

mod, G. (2009) An evaluation of progress in imple-

menting ecosystem-based management of fisheries in

33 Countries. Marine Policy 33, 223–232.

Polovina, J.J. (2005) Climate variation, regime shifts, and

implications for sustainable fisheries. Bulletin of Marine

Science 76, 233–244.

Punt, A.E., A’mar, T., Bond, N.A. et al. (2013) Fisheries

management under climate and environmental uncer-

tainty: control rules and performance simulation. ICES

Journal of Marine Science 71, 2208–2220.

Quinn, T.J. and Deriso, R.B. (1999) Quantitative Fish

Dynamics. Oxford University Press, Oxford.

Rice, J. (2011) Managing fisheries well: delivering the

promises of an ecosystem approach. Fish and Fisheries

12, 209–231.

174 © 2015 The Authors. Fish and Fisheries Published by John Wiley & Sons Ltd, F I SH and F I SHER IES , 17, 165–175

Ecosystem processes in management M Skern-Mauritzen et al.



Skagen, D.W., Skern-Mauritzen, M., Dankel, D., Enberg,

K., Kjesbu, O.S. and Nash, R.D.M. (2013) A simulation

framework for evaluating fisheries management deci-

sions using environmental information. ICES Journal of

Marine Science 70, 743–754.

Stige, L.C., Ottersen, G., Dalpadado, P. et al. (2010)

Direct and indirect climate forcing in a multi-species

marine system. Proceedings of the Royal Society B-Bio-

logical Sciences 277, 3411–3420.

U.S. National Marine Fisheries Service (1999) Ecosystem

based fishery management: A report to Congress by the

Ecosystem Principles Advisory Panel. U.S. Department of

Commerce, Silver Spring, MD.

Vert-pre, K.A., Amoroso, R.O., Jensen, O.P. and Hilborn,

R. (2013) Frequency and intensity of productivity

regime shifts in marine fish stocks. Proceedings of the

National Academy of Sciences of the United States of

America 110, 1779–1784.

Walters, C. (1986) Adaptive Management of Renewable

Resources. Macmillan, New York.

Wayte, S.E. (2013) Management implications of includ-

ing a climate-induced recruitment shift in the stock

assessment for jackass morwong (Nemadactylus

macropterus) in south-eastern Australia. Fisheries

Research 142, 47–55.

Zwolinski, J.P. and Demer, D.A. (2014) Environmental

and parental control of Pacific sardine (Sardinops sagax)

recruitment. ICES Journal of Marine Science 71, 2198–

2207.

Supporting Information

Additional Supporting Information may be found

in the online version of this article:

Table S1. Summary of review of Regional Fish-

eries Body (RFB) reports, Pacific and Indian

Ocean.

Table S2. Summary of reviewed Atlantic, Ant-

arctic, Trans-ocean, Australian and US fisheries

bodies.

Table S3. Scientific support by geographical

region.

Table S4. Reference list.

© 2015 The Authors. Fish and Fisheries Published by John Wiley & Sons Ltd, F I SH and F I SHERIES , 17, 165–175 175

Ecosystem processes in management M Skern-Mauritzen et al.


