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Abstract Global climate change will affect the

abundance, distribution, and life history timing of

many exploited marine populations, but specific

changes are difficult to predict. Management systems

in which harvest strategies and tactics are flexible in

responding to unpredictable biological changes are

more likely to succeed in maintaining productive

populations. We explore the adaptability of fisheries

management systems in relation to oceanic warming

rates by asking how two important management

characteristics vary with temperature changes for

[500 stocks. (1) Harvest control rules, a framework

for altering fishing pressure in response to changes in

the abundance of targeted species (primarily due to

fishing), may provide the capacity for harvest policies

to change in response to climate-driven abundance

declines also. (2) Seasonal openings with flexible

dates that involve in-season monitoring may allow

managers to better respond to possible changes in the

timing of life-history periods like spawning to prevent

fishing seasons falling out of sync with species’

phenology. Harvest control rules were widely used

across industrialized fisheries including in regions that

experienced relatively high oceanic warming rates, but

after controlling for regional factors we found no

association between ocean warming and the use of

harvest control rules. Flexible-date seasonal openings

were rare compared to fixed-date seasonal openings,

but tended to occur in areas with the greatest warming

rates while fisheries without seasonal closures tended

to occur in areas with the least observed temperature

changes. We found no consistent evidence of recent

ocean warming effects on the current biomass or

exploitation rates relative to management targets of

241 assessed marine populations. Together, these

results suggest that the oceanic areas expected to have

the greatest climate impacts on populations do at least

tend to contain fisheries that demonstrate the potential

for adaptability to unpredictable climate impacts.
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Introduction

Uncertainty is pervasive in fisheries science and

management. Uncertainty arises through several

aspects of management systems, including field sam-

pling, estimating population abundance, determining

appropriate catch limits, and implementing those

catch limits (Rosenberg and Restrepo 1994). For

several decades, considerable effort has been put into
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developing stock assessment techniques and manage-

ment strategies that are robust in the face of these

uncertainties (Walters 1986; Hilborn and Walters

1992; Walters and Martell 2004). In addition to

helping to deal with uncertainties currently faced

today, flexibility in management systems is likely to

be important for uncertainties that may arise in the

future.

Sea surface temperatures in many regions of the

world are rising (Stock et al. 2011), and these temper-

ature changes will have uncertain effects on marine

populations (Jennings and Brander 2010). Changes in

the abundance of stocks are likely (Kell et al. 2005;

Cheung et al. 2010; Fulton 2011), acting primarily

through changes in recruitment, growth and natural

mortality. Shifts in the ranges of species (Drinkwater

2005; Perry et al. 2005; Portner and Knust 2007), in the

timing of life history events (Hutchings and Myers

1994; Sims et al. 2004), and in the trophic interactions

within ecosystems have also been documented or

hypothesized as possible outcomes of a changing ocean

climate. Sea surface temperature changes are not

uniform in the world’s oceans, some areas have been

warming faster than others (Hobday and Pecl SI: WFC

Hotspots). Even though such changes in marine popu-

lations may occur slowly, over decades, it is unknown

whether the world’s current fisheries management

systems will be able to deal adequately with them. The

adaptability of some management systems may provide

a capacity to confront unpredictable climate-driven

impacts on populations. There are many avenues

through which management systems may be flexible

or adaptable to biological unknowns; two of the more

common ways include the use of harvest control rules

and use of seasonal closures.

A harvest control rule is a fishery management

strategy for altering catches in response to abundance

changes of a targeted stock. Typically, fishing pressure

on the stock is reduced when the estimated biomass is

depleted below some threshold level, usually termed

the target biomass reference point, and in some cases

targeted fishing stops when biomass is depleted below

a lower threshold termed the limit reference point

(e.g., Restrepo et al. 1998; Mace 2001). Such deple-

tions are commonly caused by fishing but may also be

due to environmental changes. Although harvest

control rules rarely if ever explicitly consider conse-

quences of climate change, they nevertheless represent

the capacity for harvest policies to change in response

to species changes in abundance, even if those changes

are induced by climate factors.

Another example of flexibility in management

systems is a seasonal opening to a fishery that uses

flexible dates from year to year. In-season monitoring

may occur in order to determine an optimal time to

open the fishery, either to increase the value of the

catch or to protect target or non-target species during

sensitive times such as spawning. If seasonal opening

or closure dates are instead the same year after year

and no monitoring for the timing of species life history

events occurs, then possible shifts in species phenol-

ogy resulting from climate change may not be detected

for several years as fishing seasons fall out of sync

with phenology (Loher 2011).

In this paper, we explore the adaptability of current

fisheries management systems in relation to oceanic

warming rates. We focus on management attributes

that may respond to biological changes, even though

we recognize that climate change may also affect the

social and economic dimensions of fisheries and also

require adaptability in management systems. Specif-

ically, we ask whether two aspects of management—

use of harvest control rules and use of seasonal

closures—vary in relation to recent sea surface

temperature changes around the world. We present

rates of sea surface temperature change for[550 fish

and shellfish stocks from around the world and assess

the associations between temperature warming rates

and the use of harvest control rules and seasonal

closures for these stocks. We do not suggest a

directional hypothesis for these associations, but

rather explore whether the management systems

currently in place in rapidly-warming areas tend to

be relatively flexible or relatively inflexible, as flexible

approaches are expected to better cope with potential

biological impacts of warming. Finally, we ask

whether the current status of stocks (in terms of

biomass and exploitation rates relative to management

targets) varies with respect to recent temperature

changes.

Methods

Stock-specific sea surface temperature changes

A world map of sea surface temperature changes

between 1950 and 2005 at a 1� 9 1� cell resolution, as
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described in an earlier paper in this issue (Hobday and

Pecl SI: WFC Hotspots), was used as the basis for

stock-specific temperature changes. A linear grayscale

from black to white represented mean temperature

changes from -1 to 2.5 �C. Outlines were overlaid

onto 25 ‘warming hotspot’ areas: the highest 10 % of

all temperature change values in oceanic cells had

lines drawn around the clusters of cells, and any

clusters smaller than 5 9 5 cells (i.e., 5� 9 5�) were

removed (Hobday and Pecl SI: WFC Hotspots). We

refer to this as the base map (Fig. 1).

For each of 551 stocks we found a reference map of

the stock’s distribution, which was either shown in a

stock assessment report or compiled from online

species mapping programs and specified jurisdictional

boundaries of the stock. Using the scientific image

processing program ImageJ (Schneider et al. 2012),

we drew by hand an outline of the stock’s distribution

onto a magnified portion of the base map. All oceanic

cells within this stock distribution outline were

selected automatically in ImageJ, and a histogram of

the grayscale values of contained cells was con-

structed (black outlines of warming hotspots were

removed while tracing stock outlines). The mean

grayscale value was calculated, and this was converted

to a mean sea surface temperature change value for the

stock’s area (‘mean DSST’). A second measure of sea

surface temperature change was also considered for

analyses, which was the proportion of a stock’s area of

distribution that overlapped with one or more hotspot

areas on the base map (‘% in hotspots’). To calculate

this value, the number of cells that overlapped with

any hotspot area was divided by the total number of

cells in the stock’s area of distribution. There were 35

stocks whose area of distribution had[50 % overlap

with one or more hotspot areas, listed in Table S1 in

the Electronic Supplementary Materials section.

Stock-specific management characteristics

Two main management characteristics were consid-

ered which relate to the capacity of management

systems to alter specific practices in response to

observed population changes. First, we identified the

type of harvest control rule used for each stock. A hard

harvest control rule was defined as there being some

limit of estimated biomass below which targeted

exploitation for the stock would cease (implying that a

biomass limit reference point is estimated in stock

assessments). A soft harvest control was defined as

there being some circumstance under which a rebuild-

ing or recovery program would be implemented for the

stock if deemed necessary (this criterion was purpose-

fully vague, as it varies across regions). A third

category consisted of no harvest control rule. The

second management characteristic involved the type

Fig. 1 Change in average sea surface temperature from 1950 to

2005. Temperature changes are shown for 1� 9 1� cells.

Outlines of ‘warming hotspots’ are shown, representing areas

with the greatest rates of warming. Figure provided by A.

Hobday, based on Hobday and Pecl SI: WFC Hotspots
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of seasonal closures employed for the stock. Seasonal

closures were considered to be either a short closure

period within a main fishing season or the portion of

the year closed to targeted fishing, but an end to the

fishing season resulting simply from reaching the

annual quota cap was not considered to be a seasonal

closure. Categories were flexible-date closures, fixed-

date closures, and no seasonal closures. Flexible-date

closures imply that the opening and/or closing dates of

the fishing season are not fixed year-to-year, and

typically involve within-season monitoring to deter-

mine an appropriate date for opening the fishery.

To determine the harvest control rule and seasonal

closure types for each stock, we reviewed stock

assessment reports or fishery management plans, and

conducted e-mail interviews with regional experts. Of

the 551 targeted stocks with distribution area maps

available and included in our analysis, harvest control

rule and seasonal closure categorical designations

were available for 540 and 437 stocks, respectively

(Table 1).

Stock-specific current status

To represent current stock status, we examined ratios

of biomass (B) and exploitation rate (F) relative to

management targets. Management targets are often

based on quantities that in the long run are expected to

produce maximum sustainable yield (MSY), e.g.,

BMSY, or a more conservative proxy for this quantity,

e.g., B40%. We extracted time series and reference

point information for B and F from the RAM Legacy

Stock Assessment Database (Ricard et al. 2012), a

publicly-available database in which outputs from

stock assessment reports are compiled. Occasionally

more than one reference point commonly assumed as a

management target was available (e.g., BMSY as well

as B40%). Whatever was the explicitly stated manage-

ment target for B and F is what we assumed for the

denominator of Bcurrent:Btarget or Fcurrent:Ftarget. Occa-

sionally time series estimates were available but target

reference points were not estimated or published. In

these cases, a Schaefer (1954) surplus production

model was fit to time series data of total catch and total

biomass estimates to estimate MSY-based reference

points, which were assumed as targets. The estimated

ratios of B:BMSY and F:FMSY from a Schaefer model

are a reasonable approximation to estimated ratios

from age-structured models typically used in stock

assessments (Worm et al. 2009; Melnychuk et al.

2012). We calculated the log-geometric mean of

Bcurrent:Btarget or Fcurrent:Ftarget ratios over the most

recent 5 years of the available time series for each

stock to represent current status. Ratios of biomass

Table 1 Number of stocks

included in analyses from

each of 11 regions

The 2nd–4th data columns

are subsets of the first

Region N stocks

with SST

change data

N stocks

with HCR

data

N stocks

with seasonal

closure data

N stocks

with B:Btarget

and/or

F:Ftarget data

US Alaska 50 50 50 32

US W Coast 48 48 48 36

US NE/mid-Atlantic Coast 52 52 52 36

US SE Coast/Gulf Mexico 32 32 32 13

Canada W Coast 46 46 46 19

Canada E Coast 78 73 63 16

Europe 123 123 25 41

ICES areas I-VII, XIV,

Baltic

(103) (103) (23) (37)

ICES areas VIII-XII (20) (20) (2) (4)

Australia 49 49 49 15

New Zealand 61 55 60 25

Argentina 6 6 6 6

South Africa 6 6 6 5

Total 551 540 437 244
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and/or exploitation rate estimates were available for

244 stocks (Table 1).

Data analyses

We related current management attributes for a stock

to each of the two measures of warming rates from

1950 to 2005 experienced by the stock (mean change

in sea surface temperature, and the proportion of a

stock’s distributional area that overlaps with hotspot

areas). We assume that temperature changes over this

period reflect current warming rates (Hobday and Pecl

SI: WFC Hotspots). We assess overall patterns as well

as regional patterns, as substantial differences in stock

status and management characteristics generally occur

across regions (Worm et al. 2009; Essington et al.

2012; Melnychuk et al. 2012). To aid visual presen-

tation, we separated the two continuous temperature-

related variables into three categories each. Low,

medium, and high sea surface temperature change

groups corresponded approximately to the 0–20th,

20–80th, and 80–100th percentiles of the distribution

of ‘mean DSST’ from 1950 to 2005 for each stock. As

the distribution of proportion of overlap between stock

areas and hotspot areas was highly skewed, categories

of low, medium, and high ‘% in hotspot’ corresponded

instead to 0–1 %, 1–20 %, and 20–100 %.

We compared the distribution of temperature-

related variables among categories of management-

related variables. The distribution of ‘mean DSST’ was

near-normal, so we used a simple ANOVA to compare

groups of harvest control rule types or seasonal closure

types. The distribution of ‘% in hotspot’ was highly

skewed with many zeros, so we used a quasi-binomial

generalized linear model (suitable for overdispersed

proportions) to compare groups. We accounted for

regional effects when assessing whether the type of

harvest control rule used depended on temperature

change variables, and accounted for taxonomic/

habitat-association effects when assessing whether

seasonal closure type depended on temperature change

variables. We used the ‘ordinal’ package (version

2012.01-19; Christensen 2012) in R (version 2.14.1; R

Development Core Team 2012) to perform mixed-

effects ordinal regression, treating either region or

taxonomic/habitat association as a random effect.

Harvest control rule type was ordered as hard [
soft [ none, while seasonal closure type was ordered

as flexible [ fixed [ none. Finally, we assessed the

influence of temperature-related variables on current

stock status using generalized linear mixed effects

models with a log-link for the response variable ratios,

treating region as a random effect.

We limited our analysis to targeted stocks, exclud-

ing stocks of no commercial value or ones typically

only caught as bycatch in fisheries targeting other

species. We focused our study on stocks for which

management systems could be readily characterized or

for which stock assessments were available. This

resulted in the majority of included stocks being from

regions of the world with industrialized fisheries and

developed management systems.

Results

Sea surface temperature change in area of stock

distribution

At a 1� 9 1� cell resolution, average sea surface

temperature changes in the world’s oceans between

1950 and 2005 ranged from -0.94 to 2.44 �C (Fig. 1;

Hobday and Pecl SI: WFC Hotspots). Areas of greatest

warming, i.e., ‘hotspots’, occurred mostly along

continental margins and across a wide range of

latitudes (Fig. 1). Many of the identified hotspot areas

overlapped with distributions of several fish or shell-

fish stocks for which fishery data were available, most

notably the Eastern Bering Sea, Gulf of Alaska,

Northeast Canada, Northeast US, the North Sea,

Southeast Australia and South Africa.

Of the 551 stocks analyzed, mean temperature

changes between 1950 and 2005 ranged from -0.79

to 1.33 �C (Fig. 2a). The 20th and 80th percentiles of the

distribution of ‘mean DSST’ corresponded approxi-

mately to 0 �C and 0.75 �C. These were used to

delineate categories of low (\0 �C), medium

(0–0.75 �C) and high ([0.75 �C) temperature change

categories for subsequent plotting. The area of distribu-

tion for 383 of the 551 stocks had\1 % overlap with any

warming hotspot area (Fig. 2b). The remaining stocks

had a wide range of overlap with hotspots: 86 stocks had

between 1 and 20 % overlap, while 82 stocks had

between 20 and 100 % overlap (the 35 stocks whose

area of distribution had[50 % overlap with hotspots are

listed in Table S1). These thresholds of 1 and 20 % were

used to delineate categories of low, medium, and high

proportions of stock area within hotspot areas (Fig. 2b).
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Regional differences were apparent in the average

rate of temperature change experienced by assessed

stocks. On average, stocks from the US Northeast

Coast, Alaska, Eastern Canada, Europe, and Western

Canada experienced relatively high temperature

changes between 1950 and 2005, while stocks from

New Zealand, the US Southeast Coast/Gulf of Mexico,

and the US West Coast experienced little change in

average temperature (Fig. 3a). Regions that contained

several stocks with a substantial proportion of overlap

between areas of distribution and identified hotspots

included Alaska, East Coast Canada, Europe, Austra-

lia, Argentina, and South Africa (Fig. 3b).

Use of harvest control rules in relation

to temperature change

There was little association between the overall use of

harvest control rules and ‘mean DSST’ in stock

distributional areas. Stocks managed with a hard

harvest control rule, i.e., in which targeted fishing

ceases when estimated biomass falls below an esti-

mated limit reference point, had a grand mean

temperature change of 0.43 �C (5th and 95th percen-

tiles: -0.17, 1.00 �C; Fig. 4a). Stocks managed with a

soft harvest control rule, i.e., in which circumstances

exist that would call for a rebuilding plan to be enacted

(0.49 �C; 5th and 95th percentiles: -0.28, 1.07 �C;

Fig. 4b) and those managed without harvest control

rules (0.41 �C; 5th and 95th percentiles: -0.31,

1.09 �C; Fig. 4c) had similar mean temperature

changes (1-way ANOVA, F2,537 = 2.23, p = 0.11).

There was a stronger association between the

overall use of harvest control rules and the second

temperature variable, ‘% in hotspots’. Stocks managed

with a hard harvest control rule had a grand mean of

12.3 % of their area that overlapped with hotspots;

45.5 % of these stocks had [1 % overlap (Fig. 4d).

Stocks managed with a soft harvest control rule (grand

mean 7.2 % overlap; 20.7 % of stocks with [1 %

overlap; Fig. 4e) and those managed without a harvest

control rule (grand mean 5.7 % overlap; 24.8 % of

stocks with [1 % overlap; Fig. 4f) had a lower

proportion of their area that overlapped with hotspots

(quasi-binomial GLM, Wald test for differences with

the hard harvest control rule group: tsoft HCR = -2.53,

p = 0.012; tno HCR = -2.65, p = 0.008).

Fig. 2 Frequency distributions of: a mean sea surface temper-

ature change from 1950 to 2005 within a stock’s area of

distribution; and b the proportion of a stock’s area of distribution

overlapping with warming hotspot areas. Vertical dashed lines

show thresholds for categorical binning: a \0 �C, 0–0.75 �C,

[0.75 �C; b 0–1 %; 1–20 %;[20 %

Fig. 3 Boxplots by region of: a mean temperature change from

1950 to 2005 within a stock’s area of distribution; and b the

proportion of a stock’s area of distribution overlapping with

warming hotspot areas. Box extremities and thick vertical lines

denote 25th, 50th, and 75th percentiles
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The use of harvest control rules and their associ-

ation with temperature change variables varied con-

siderably among regions. Hard harvest control rules

were commonly used for managing stocks in Alaska,

the US West Coast, Australia, and Eastern Canada,

and these tended to be in areas with medium or high

‘mean DSST’ between 1950 and 2005 (Fig. 5a, b).

Soft harvest control rules were commonly used for

stocks in the Eastern US, Western and Eastern Canada,

and Europe. Several other European stocks were

managed without harvest control rules, and these

tended to occur in areas of medium or high ‘mean

DSST’ (Fig. 5a, b). Similarly, the majority of stocks

whose areas of distribution had a medium or high ‘%

in hotspots’ were managed with hard harvest control

rules (Fig. 5d, e), although several stocks in Europe in

these high overlap categories were managed with soft

or with no harvest control rules. Accounting for

regional variation, there was no observed association

between the use of harvest control rules and temper-

ature change variables. With an ordered categorical

response variable of hard [ soft [ no harvest control

rules, and region treated as a random effect, there were

no observed effects of ‘mean DSST’ (bmean DSST =

-0.38 ± 0.28 S.E., z = 1.37, p = 0.17) or ‘% in

hotspots’ (b% overlap = 0.002 ± 0.005, z = 0.40,

p = 0.69).

Seasonal openings and closures in relation

to temperature change

Few stocks (31) were managed with flexible-date

seasonal closures (Fig. 6a, d). Those that were had a

wide range of ‘mean DSST’ experienced (grand mean

0.40 �C; 5th and 95th percentiles: -0.32, 1.15 �C;

Fig. 6a). Stocks managed with fixed-date seasonal

closures experienced greater rates of warming

(0.56 �C; 5th and 95th percentiles: -0.10, 1.07 �C;

ANOVA, F2,370 = 32.0, p \ 0.001; post hoc compar-

ison with flexible closure group, t = 2.32, p = 0.02;

Fig. 6b). Those managed without seasonal closures

experienced less change in mean temperature

Fig. 4 Frequency distributions of mean temperature change

from 1950 to 2005 within a stock’s area of distribution (a–c) and

the proportion of a stock’s area of distribution overlapping with

warming hotspot areas (d–f), separated by categories of hard,

soft, and no harvest control rules
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(0.25 �C; 5th and 95th percentiles: -0.39, 0.89 �C;

post hoc comparison with flexible closure group,

t = -2.12, p = 0.035; Fig. 6c).

There was a weaker association between ‘% in

hotspots’ and the type of seasonal closures. Stocks

with flexible openings or closures had a grand mean of

7.1 % of their area overlapping with hotspots

(Fig. 6d), those with fixed openings or closures had

11.2 % overlap (Fig. 6e), and those managed without

flexible closures had 4.8 % overlap overall (Fig. 6f);

these differences were not statistically significant

(quasibinomial GLM, Wald test, tfixed closures =

-0.99, p = 0.32; tno closures = 0.76, p = 0.45 relative

to the flexible closure reference group).

The type of seasonal closure employed varied among

taxonomic/habitat-association groups. Flexible closures

were relatively more common in small pelagic fish than

in other fish or invertebrate groups, particularly for

stocks located within areas of greatest warming

(Fig. 7a). Stocks in areas with low ‘mean DSST’ were

more commonly managed without seasonal closures

(Fig. 7c). The second temperature-related variable, ‘%

in hotspots’ showed different patterns: flexible closures

were most common in stocks with low ‘% in hotspots’

(Fig. 7f). Accounting for the variation among habitat-

association groups (as a random effect), there was a

strong association between the type of seasonal closures

used and both temperature change variables. With

ordered categories of flexible [ fixed [ no closures as

the response variable, flexible closures were associated

with greater ‘mean DSST’ and greater ‘% in hotspots’,

while no seasonal closures were associated with the

lowest rates of temperature warming and least overlap

between stock areas and hotspot areas (bmean DSST =

1.82 ± 0.29 S.E., z = 6.17, p \ 0.001; b% overlap =

0.012 ± 0.005, z = 2.3, p = 0.021).

Current stock status in relation to temperature

change

There were no consistent relationships across regions

between ‘mean DSST’ and either the ratio of current

biomass to target biomass (Fig. 8) or the ratio of

current exploitation rate to target exploitation rate

(Fig. 9). In regions with a relatively large sample size

and large range of temperature changes, even a

flexible Lowess fit to the data showed little pattern.

There was some hint of reduced biomass compared to

Fig. 5 Frequency barplots

by region of stocks managed

with hard, soft, or no harvest

control rules. Panels on left

separate categories of stocks

whose areas of distributions

experienced high (a),

medium (b), or low

(c) temperature changes

between 1950 and 2005.

Panels on right separate

categories of stocks whose

areas of distribution share

high (d), medium (e), or low

(f) proportions of overlap

with warming hotspots
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target levels in areas of greatest warming for Austra-

lian stocks (Fig. 8), but otherwise no patterns were

evident. With region treated as a random effect,

generalized linear models showed no effect of

‘mean DSST’ on either current biomass (Wald test,

bmean DSST = -0.14 ± 0.14 S.E., t = -1.06, p = 0.24;

Fig. 8) or current exploitation rate (bmean DSST =

-0.06 ± 0.29, t = 0.22, p = 0.43; Fig. 9) compared

to target levels. Similarly, there was no effect of ‘% in

hotspots’ on either biomass (b% overlap = -0.0006 ±

0.0028, t = -0.21, p = 0.43) or exploitation rate

(b% overlap = -0.008 ± 0.009, t = -0.88, p = 0.27).

Discussion

The dynamics of marine populations will be affected

by climate change, and flexibility in fishery manage-

ment systems will be important for adequately

responding to these changes. Population-level changes

will likely involve shifts in abundance, distribution,

and phenology such as spawning time, but for any

given stock particular changes are difficult to predict.

The use of harvest control rules and seasonal closures

are indicative of management systems that have the

capacity to respond to change. That is not to say that

hard harvest control rules or flexible-date openings are

always optimal, nor that these are the only flexible

aspects of management systems; other management

tactics may be used instead to effectively limit catch.

For example, there are many stocks in New Zealand

that are managed without the use of harvest control

rules, but the management systems do regulate catch

and maintain stocks at productive levels. It could

further be argued that such systems provide even more

flexibility for managers than hard harvest control

rules. Management systems with flexible responses to

abundance changes using soft harvest control rules, in

place in regions such as Eastern and Western Canada

and the US Northeast Coast, could therefore make

these regions better prepared than others in fast-

warming areas. Other management attributes can also

be adapted to respond to possible biological changes in

stocks. Flexible boundaries of closed areas (Cheung

Fig. 6 Frequency distributions of mean temperature change

from 1950 to 2005 within a stock’s area of distribution (a–c) and

the proportion of a stock’s area of distribution overlapping with

warming hotspot areas (d–f), separated by categories of flexible-

date, fixed-date, and no seasonal closures
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et al. 2012) or area rotations may provide the capacity

to respond to shifting stock distributions. Flexible

hook and mesh size restrictions to target certain age

and size classes may allow response to changing

growth schedules. Whatever the strategies and tactics

may be that are used to manage a population,

flexibility in general is likely to be beneficial for

confronting unpredictable climate change impacts.

Harvest control rules are in widespread use for

assessed stocks around the world, especially in areas

that have experienced the greatest rates of warming or

have the greatest proportional overlap with hotspot

areas (with several North Sea stocks as the most

notable exceptions). We might have confidence that

harvest control rules of existing management systems

will be able to deal adequately with possible climate-

driven abundance declines only if those climate-

driven declines are within the range of abundance

declines typically observed from fishing. If instead

climate-driven declines were of greater magnitude

than typical declines from fishing, those would be

outside our range of experience with harvest control

rules. Studies that have predicted abundance changes

resulting from climate change are relatively scarce, as

complex pathways are involved between temperature

change and population dynamics, making prediction

highly uncertain. A global study predicting changes in

catch potential under climate change scenarios pro-

jected catch declines of up to 50 % in some areas

(Cheung et al. 2010). An ecosystem model for the

Southeast Australian shelf predicted median biomass

declines for some trophic groups including demersal

fish and increases for other trophic groups; the

declines were of up to approximately 50 % of current

Fig. 7 Frequency barplots by habitat-association category of

stocks managed with flexible-date, fixed-date, or no seasonal

closures. Panels on left separate categories of stocks whose

areas of distributions experienced high (a), medium (b), or low

(c) temperature changes between 1950 and 2005. Panels on

right separate categories of stocks whose areas of distribution

share high (d), medium (e), or low (f) proportions of overlap

with warming hotspots
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biomass (Fulton 2011). However, biomass depletions

from fishing, of 50 % or more relative to target levels,

are also common around the world (Worm et al. 2009),

so at the least the predicted climate-driven abundance

changes are not outside the range of our experience

from overfishing. Once fishing pressure is relaxed,

stocks often recover (Worm et al. 2009; Murawski

2010). This suggests that existing harvest control rules

will likely be able to deal adequately with climate-

driven species changes so long as reduced fishing

pressure compensates for climate-driven declines.

Biological reference points like the biomass level

and exploitation rate expected to generate long-term

maximum sustainable yield (or similarly, a popula-

tion’s carrying capacity and productivity), may change

under climate change (Kell et al. 2005). Non-stationa-

rity in production and reference points has long been

recognized as a potential pitfall in stock assessment

Fig. 8 Ratio of current stock biomass to target biomass in

relation to mean temperature change from 1950 to 2005. Stocks

are separated by region. Values greater than 3 are shown as 3.

Dotted gray line shows management target. Solid black line

shows a Lowess fit for each region with a smoothing parameter

value of 1
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(Walters 1987; Walters et al. 2008), and this may

become increasingly common under changes in

regional climate patterns. Across several regions of

the world, multispecies exploitation rate reference

points, FMMSY, are expected to decrease by [10 %,

with decreases of[20–30 % for some regions (i.e., a

predicted decrease in the productivity of exploited

populations; Fulton 2011). If reference points do

change, it may be difficult to detect changes and to

correctly attribute any observed changes to particular

causes like climate factors (Punt 2011), as non-

stationarity can also arise from other causes. Refer-

ence points are often estimated in stock assessments

simultaneously with estimating time series of biomass

and exploitation rates, so usually there is at least the

potential for detecting non-stationarity. Thus, there is

also the potential to maintain a stock at its most

productive biomass under a given set of environmental

Fig. 9 Ratio of current exploitation rate to target exploitation

rate in relation to mean temperature change from 1950 to 2005.

Stocks are separated by region. Values greater than 3 are shown

as 3. Dotted gray line shows management target. Solid black line

shows a Lowess fit for each region with a smoothing parameter

value of 1
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conditions, even if that most productive level in the

future differs from what it is today. Changes in

estimated reference points would then feed into the

usage of harvest control rules which are based on those

reference points.

Impacts of climate change on exploited populations

may be more severe for stocks caught in multi-species

fisheries than for stocks caught in single-species

fisheries because of bycatch limits. While bycatch

may in general lead to overexploiting some stocks

(Crowder and Murawski 1998), limits on the bycatch

of sensitive stocks may lead to underexploiting some

targeted stocks through severe catch constraints

(Crowder and Murawski 1998; Hilborn et al. 2012;

Melnychuk et al. 2013). Thus, climate-induced abun-

dance declines of a few species may indirectly affect

the catch (and therefore landed value and food security

potential) of several other species, through bycatch

limits in multispecies fisheries. In other words,

socioeconomic consequences of climate warming

may be greater overall than those directly ascribed to

climate-sensitive species. No differences were

observed between single and multi-species fisheries

in either the mean sea surface temperature change or

the proportion of overlap between stock distribution

and hotspot areas (data not shown), but multispecies

groundfish fisheries predominate in several regions

that have experienced high warming rates including

the US Northeast Coast and the North Sea. Managers

of multi-species fisheries may be faced in years to

come with difficult trade-offs of reducing overall

fishing pressure to protect weaker stocks or maintain-

ing sustainable harvest of target species, at risk of

further depleting sensitive stocks. Efforts to selec-

tively target certain species (Branch and Hilborn

2008) will aid with negotiating this trade-off.

Management systems with flexible opening and

closing dates of fishing seasons, typically using some

form of in-season monitoring to determine appropriate

dates, are more likely to detect shifts in the timing of

life history events like spawning that may arise through

climate change. Flexible opening dates were relatively

more common in small pelagic species like herring,

when the value of the catch can vary substantially

depending on when roe is harvested. Many groundfish

fisheries on the other hand use fixed opening dates year

to year; without adequate sampling, phenological

shifts in species may go undetected, with closure times

becoming increasingly sub-optimal (Loher 2011).

Flexible openings were, at least, most common in

areas of greatest sea surface warming (or with greater

overlap with hotspot areas) after accounting for habitat

associations, although a substantial number of demer-

sal fish and invertebrate stocks were managed under

fixed-date closures in areas with the greatest warming

rates and overlap with hotspot areas. As mentioned

previously, flexible openings are not necessarily opti-

mal in all cases. Many successful fisheries do not use

any form of temporal closure, as catches are effectively

regulated with individual quotas (Turris 2000) or other

means, and fishermen may voluntarily avoid fishing

during sensitive times like spawning or periods of high

bycatch (Griffith 2008) even if such ‘closures’ are not

official.

Marine populations respond to both fishing and

environmental factors, and the adaptive capacity of

management systems to successfully respond to

species changes will be enhanced if scientists can

distinguish climate-driven changes from those due to

fishing. In terms of harvest control rules, climate-

driven changes to the productivity or carrying capacity

of a population will affect biological reference points.

Thus the ratio of current biomass to reference biomass,

for example, will change even if estimated biomass

(the numerator) is stationary for several years. Cor-

rectly identifying changes in reference points as they

occur, whether increasing or decreasing as a result of

environmental factors, will aid in maintaining stocks

at productive levels. Our study suggests that oceanic

temperature changes from 1950 to 2005 have not had a

consistent impact on the biomass or exploitation rate

of assessed stocks relative to management targets, but

further warming within stock distribution areas may

result in more apparent changes in population abun-

dances or species ranges. Harvest strategies based on

reference points estimated from stocks assessments

could benefit from more explicit consideration of

climate effects, especially in coming years.

Strong regional differences were observed in mean

sea surface temperature changes, the proportion of

overlap between stock areas and hotspot areas, the use

of harvest control rules, and use of seasonal closures.

Observed results were generally consistent between

the two metrics of temperature change, but these results

should not be generalized to represent management

systems outside of industrialized commercial fisheries.

In management systems of the developing world, the

lack of stock assessments and in-season monitoring
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programs in many cases limit the use of harvest control

rules and seasonal closures, respectively. In these

regions other problems of fisheries management are

paramount, and climate driven changes may exacer-

bate these (Sumaila et al. 2011). Biological changes

driven by climate are likely to occur for marine

populations around the world across a wide variety of

fishery management systems and socioeconomic cli-

mates, and these will largely be unpredictable.

Whatever particular strategies and tactics make up a

given fishery management system, flexibility in these

attributes will likely be beneficial for confronting

possible climate impacts on populations.
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