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Environmental impacts are common 

The production of sustainable yield depends not only on re-
cruitment but on the growth of young fish and survival from nat-
ural mortality. To understand changes in productivity, we need to
look at all three processes. Surplus production, the net change in
biomass from one year to the next in the absence of fishing,
incorporates recruitment, growth, and natural mortality, and it can
easily be calculated from available fish stock assessments (17).
Worm et al. (18) assembled a database with the history of

abundance and catch from published assessments that now includes
355 stocks (19). There is sufficient information on 230 stocks in
these data to calculate the history of surplus production for each
year, defined as the change in total biomass plus the catch for the

year. We pose four competing hypotheses: (i) the abundance
hypothesis, where production is always related to population
abundance through a biomass dynamics model; (ii) the regimes
hypothesis, where production shifts irregularly between high- and
low-productivity regimes that are unrelated to abundance; (iii) the
mixed hypothesis, where even though production is related to
population abundance, there are irregular changes in this re-
lationship; and (iv) the random hypothesis, where production is
random from year to year and is not explained by either pro-
ductivity regime changes or population abundance. These four
models can best be thought of as broad classes of models, and
embedded within each is a range of different ecological

Fig. 1. Surplus production data plotted against model predictions showing individual fish stocks best explained by the abundance (A–C; Atlantic cod
in the Kattegat and Skagerrak), regimes (D–F; Atlantic cod in Iceland), mixed (G–I; Petrale sole from Southern California), and random (J–L; common
European sole in the Kattegat and Skagerrak) hypotheses. The first column is the fit under the abundance model, the second column is the fit under the
mixed model, and the third column is the fit under the regimes model or, if no breakpoints are found, the random model (l). The area shaded in each pie
diagram shows the AIC weight assigned to each model, such that a pie diagram that is 90% shaded indicates that 90% of the AIC weight was assigned to
that model. mt metric tons. Points are shaded from dark (earliest data) to light (latest data).
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mixed model, and the third column is the fit under the regimes model or, if no breakpoints are found, the random model (l). The area shaded in each pie
diagram shows the AIC weight assigned to each model, such that a pie diagram that is 90% shaded indicates that 90% of the AIC weight was assigned to
that model. mt metric tons. Points are shaded from dark (earliest data) to light (latest data).
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Fig. 1. Surplus production data plotted against model predictions showing individual fish stocks best explained by the abundance (A–C; Atlantic cod
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diagram shows the AIC weight assigned to each model, such that a pie diagram that is 90% shaded indicates that 90% of the AIC weight was assigned to
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biomass from one year to the next in the absence of fishing,
incorporates recruitment, growth, and natural mortality, and it can
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year. We pose four competing hypotheses: (i) the abundance
hypothesis, where production is always related to population
abundance through a biomass dynamics model; (ii) the regimes
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random from year to year and is not explained by either pro-
ductivity regime changes or population abundance. These four
models can best be thought of as broad classes of models, and
embedded within each is a range of different ecological

Fig. 1. Surplus production data plotted against model predictions showing individual fish stocks best explained by the abundance (A–C; Atlantic cod
in the Kattegat and Skagerrak), regimes (D–F; Atlantic cod in Iceland), mixed (G–I; Petrale sole from Southern California), and random (J–L; common
European sole in the Kattegat and Skagerrak) hypotheses. The first column is the fit under the abundance model, the second column is the fit under the
mixed model, and the third column is the fit under the regimes model or, if no breakpoints are found, the random model (l). The area shaded in each pie
diagram shows the AIC weight assigned to each model, such that a pie diagram that is 90% shaded indicates that 90% of the AIC weight was assigned to
that model. mt metric tons. Points are shaded from dark (earliest data) to light (latest data).
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easily be calculated from available fish stock assessments (17).
Worm et al. (18) assembled a database with the history of

abundance and catch from published assessments that now includes
355 stocks (19). There is sufficient information on 230 stocks in
these data to calculate the history of surplus production for each
year, defined as the change in total biomass plus the catch for the

year. We pose four competing hypotheses: (i) the abundance
hypothesis, where production is always related to population
abundance through a biomass dynamics model; (ii) the regimes
hypothesis, where production shifts irregularly between high- and
low-productivity regimes that are unrelated to abundance; (iii) the
mixed hypothesis, where even though production is related to
population abundance, there are irregular changes in this re-
lationship; and (iv) the random hypothesis, where production is
random from year to year and is not explained by either pro-
ductivity regime changes or population abundance. These four
models can best be thought of as broad classes of models, and
embedded within each is a range of different ecological

Fig. 1. Surplus production data plotted against model predictions showing individual fish stocks best explained by the abundance (A–C; Atlantic cod
in the Kattegat and Skagerrak), regimes (D–F; Atlantic cod in Iceland), mixed (G–I; Petrale sole from Southern California), and random (J–L; common
European sole in the Kattegat and Skagerrak) hypotheses. The first column is the fit under the abundance model, the second column is the fit under the
mixed model, and the third column is the fit under the regimes model or, if no breakpoints are found, the random model (l). The area shaded in each pie
diagram shows the AIC weight assigned to each model, such that a pie diagram that is 90% shaded indicates that 90% of the AIC weight was assigned to
that model. mt metric tons. Points are shaded from dark (earliest data) to light (latest data).
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The production of sustainable yield depends not only on re-
cruitment but on the growth of young fish and survival from nat-
ural mortality. To understand changes in productivity, we need to
look at all three processes. Surplus production, the net change in
biomass from one year to the next in the absence of fishing,
incorporates recruitment, growth, and natural mortality, and it can
easily be calculated from available fish stock assessments (17).
Worm et al. (18) assembled a database with the history of

abundance and catch from published assessments that now includes
355 stocks (19). There is sufficient information on 230 stocks in
these data to calculate the history of surplus production for each
year, defined as the change in total biomass plus the catch for the

year. We pose four competing hypotheses: (i) the abundance
hypothesis, where production is always related to population
abundance through a biomass dynamics model; (ii) the regimes
hypothesis, where production shifts irregularly between high- and
low-productivity regimes that are unrelated to abundance; (iii) the
mixed hypothesis, where even though production is related to
population abundance, there are irregular changes in this re-
lationship; and (iv) the random hypothesis, where production is
random from year to year and is not explained by either pro-
ductivity regime changes or population abundance. These four
models can best be thought of as broad classes of models, and
embedded within each is a range of different ecological

Fig. 1. Surplus production data plotted against model predictions showing individual fish stocks best explained by the abundance (A–C; Atlantic cod
in the Kattegat and Skagerrak), regimes (D–F; Atlantic cod in Iceland), mixed (G–I; Petrale sole from Southern California), and random (J–L; common
European sole in the Kattegat and Skagerrak) hypotheses. The first column is the fit under the abundance model, the second column is the fit under the
mixed model, and the third column is the fit under the regimes model or, if no breakpoints are found, the random model (l). The area shaded in each pie
diagram shows the AIC weight assigned to each model, such that a pie diagram that is 90% shaded indicates that 90% of the AIC weight was assigned to
that model. mt metric tons. Points are shaded from dark (earliest data) to light (latest data).
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The production of sustainable yield depends not only on re-
cruitment but on the growth of young fish and survival from nat-
ural mortality. To understand changes in productivity, we need to
look at all three processes. Surplus production, the net change in
biomass from one year to the next in the absence of fishing,
incorporates recruitment, growth, and natural mortality, and it can
easily be calculated from available fish stock assessments (17).
Worm et al. (18) assembled a database with the history of

abundance and catch from published assessments that now includes
355 stocks (19). There is sufficient information on 230 stocks in
these data to calculate the history of surplus production for each
year, defined as the change in total biomass plus the catch for the

year. We pose four competing hypotheses: (i) the abundance
hypothesis, where production is always related to population
abundance through a biomass dynamics model; (ii) the regimes
hypothesis, where production shifts irregularly between high- and
low-productivity regimes that are unrelated to abundance; (iii) the
mixed hypothesis, where even though production is related to
population abundance, there are irregular changes in this re-
lationship; and (iv) the random hypothesis, where production is
random from year to year and is not explained by either pro-
ductivity regime changes or population abundance. These four
models can best be thought of as broad classes of models, and
embedded within each is a range of different ecological

Fig. 1. Surplus production data plotted against model predictions showing individual fish stocks best explained by the abundance (A–C; Atlantic cod
in the Kattegat and Skagerrak), regimes (D–F; Atlantic cod in Iceland), mixed (G–I; Petrale sole from Southern California), and random (J–L; common
European sole in the Kattegat and Skagerrak) hypotheses. The first column is the fit under the abundance model, the second column is the fit under the
mixed model, and the third column is the fit under the regimes model or, if no breakpoints are found, the random model (l). The area shaded in each pie
diagram shows the AIC weight assigned to each model, such that a pie diagram that is 90% shaded indicates that 90% of the AIC weight was assigned to
that model. mt metric tons. Points are shaded from dark (earliest data) to light (latest data).
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Environmental impacts are common 

The production of sustainable yield depends not only on re-
cruitment but on the growth of young fish and survival from nat-
ural mortality. To understand changes in productivity, we need to
look at all three processes. Surplus production, the net change in
biomass from one year to the next in the absence of fishing,
incorporates recruitment, growth, and natural mortality, and it can
easily be calculated from available fish stock assessments (17).
Worm et al. (18) assembled a database with the history of

abundance and catch from published assessments that now includes
355 stocks (19). There is sufficient information on 230 stocks in
these data to calculate the history of surplus production for each
year, defined as the change in total biomass plus the catch for the

year. We pose four competing hypotheses: (i) the abundance
hypothesis, where production is always related to population
abundance through a biomass dynamics model; (ii) the regimes
hypothesis, where production shifts irregularly between high- and
low-productivity regimes that are unrelated to abundance; (iii) the
mixed hypothesis, where even though production is related to
population abundance, there are irregular changes in this re-
lationship; and (iv) the random hypothesis, where production is
random from year to year and is not explained by either pro-
ductivity regime changes or population abundance. These four
models can best be thought of as broad classes of models, and
embedded within each is a range of different ecological

Fig. 1. Surplus production data plotted against model predictions showing individual fish stocks best explained by the abundance (A–C; Atlantic cod
in the Kattegat and Skagerrak), regimes (D–F; Atlantic cod in Iceland), mixed (G–I; Petrale sole from Southern California), and random (J–L; common
European sole in the Kattegat and Skagerrak) hypotheses. The first column is the fit under the abundance model, the second column is the fit under the
mixed model, and the third column is the fit under the regimes model or, if no breakpoints are found, the random model (l). The area shaded in each pie
diagram shows the AIC weight assigned to each model, such that a pie diagram that is 90% shaded indicates that 90% of the AIC weight was assigned to
that model. mt metric tons. Points are shaded from dark (earliest data) to light (latest data).
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The production of sustainable yield depends not only on re-
cruitment but on the growth of young fish and survival from nat-
ural mortality. To understand changes in productivity, we need to
look at all three processes. Surplus production, the net change in
biomass from one year to the next in the absence of fishing,
incorporates recruitment, growth, and natural mortality, and it can
easily be calculated from available fish stock assessments (17).
Worm et al. (18) assembled a database with the history of

abundance and catch from published assessments that now includes
355 stocks (19). There is sufficient information on 230 stocks in
these data to calculate the history of surplus production for each
year, defined as the change in total biomass plus the catch for the

year. We pose four competing hypotheses: (i) the abundance
hypothesis, where production is always related to population
abundance through a biomass dynamics model; (ii) the regimes
hypothesis, where production shifts irregularly between high- and
low-productivity regimes that are unrelated to abundance; (iii) the
mixed hypothesis, where even though production is related to
population abundance, there are irregular changes in this re-
lationship; and (iv) the random hypothesis, where production is
random from year to year and is not explained by either pro-
ductivity regime changes or population abundance. These four
models can best be thought of as broad classes of models, and
embedded within each is a range of different ecological

Fig. 1. Surplus production data plotted against model predictions showing individual fish stocks best explained by the abundance (A–C; Atlantic cod
in the Kattegat and Skagerrak), regimes (D–F; Atlantic cod in Iceland), mixed (G–I; Petrale sole from Southern California), and random (J–L; common
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Cautionary note 

• 46 of 74 (62%) of environment-
recruitment correlations failed upon 
re-test 
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Cautionary note 

• 46 of 74 (62%) of environment-
recruitment correlations failed upon 
re-test 

• Correlations at range edges tended 
to hold 
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1. Address the basics 

Intact habitat Sustainable fishing Healthy ecosystems/ 
abundant prey 



Biocomplexity promotes stability 

the hydrologic conditions in sockeye spawning and nursery
habitats (Fig. 2). When we use the Kenai River and the Nuyakuk
River as examples, we see that climate regimes associated with
positive phases of the PDO are characterized by relatively high
stream flows, whereas negative phases of the PDO are associated
with below-average flows (23, 25).

Temporal and spatial variation in the hydrology of spawning
and nursery habitats have important implications for both the
spawning success of adult sockeye and for growth and survival
of juveniles during their freshwater residency. For example,
access to small spawning streams by adults is impeded during
years with low flows (19) whereas access to spawning habitat on
lake beaches may be much less dependent on hydrologic pat-
terns. Survival of smolts during their seaward migration may also
be enhanced during periods with high flow because of reduced
vulnerability to freshwater predators. In general, years with high
stream flows coincide with years of favorable near-shore marine
conditions such that sockeye productivity may be enhanced at
several stages of their life history (25).

There is apparent coordination among several critical physical
and biological conditions important to sockeye salmon biology.
Nevertheless, an outstanding characteristic of the responses of
Bristol Bay sockeye to climate variation is that not all popula-
tions appear to respond coherently to documented shifts in the
environment. We argue that this population-specific variability
in response to climate fluctuations is ultimately responsible for
the resilience of the entire Bristol Bay sockeye stock.

Historical Patterns of Stock Productivity
To illustrate the importance of biocomplexity of the Bristol Bay
stock complex, we have broken down the historical sockeye catch
into the contributions from the three major fishing districts
(Naknek!Kvichak, Egegik, and Nushagak) (Fig. 3). Before the

1950s, we do not have estimates of the number of fish spawning
in each river system and must use fishery catch as a surrogate for
total run, but all major fisheries were already well developed by
the early 20th century and catch is an excellent metric of total run
size. We see that initially the Naknek!Kvichak was responsible
for most of the sockeye production, with the Nushagak a close
second and Egegik a small contributor. In the middle part of the
20th century, the importance of the Nushagak diminished,
whereas Egegik remained roughly steady, and the Naknek!
Kvichak dominated, driven almost exclusively by the Iliamna
Lake populations. During that period, the Bristol Bay fishery was
essentially a Naknek!Kvichak fishery. With the PDO regime
shift of 1977 the Egegik run expanded greatly, so it was often at
least as big than the Naknek!Kvichak, and the Nushagak system
remained a small but steady contributor to the total fishery. In
the 1990s the Naknek!Kvichak contribution declined dramati-
cally, Egegik diminished, whereas Nushagak increased slightly to
become, in some recent years, the most important fishery in
Bristol Bay. Even within the Naknek!Kvichak district, the
contribution of Iliamna Lake is now so small that it requires
special protective fishery management to allow fishing on the
Naknek populations.

Since the 1950s, visual counting towers on the major rivers
leading into the lake systems have provided reliable counts of the
number of fish passing through the fishery en route to their
spawning sites. The number of recruits per spawner is the total
number of adult returns from a spawning year divided by the
number of fish that spawned in that brood year, and is a measure
of per capita reproductive success. We calculated this for
individual systems within fishing districts associated with each of
the major rivers in Bristol Bay to demonstrate the temporal
changes in their productivity (Fig. 4). In Fig. 4 we see the
Naknek!Kvichak broken into its two dominant components; the
Kvichak River–Lake Iliamna system and the Naknek River
system. The Nushagak fishing district consists of three distinct
lake!river systems; the Igushik, the Wood, and the Nushagak
(not shown in Fig. 4). Finally the Ugashik system is the most
remote of Bristol Bay’s systems, located on the Alaska Peninsula.

Two features are important in Fig. 4, the absolute number of
recruits per spawner and the temporal trends. The Kvichak and
Wood systems have produced the fewest recruits per spawner,
generally 2–4, whereas the Naknek averages !4, and the Egegik,
Ugashik and Igushik show considerable variability but average
more than Kvichak and Wood. Egegik showed the largest
increase after the 1977 regime shift. This rise in survival was
largely responsible for the upsurge in abundance of Egegik
sockeye after the shift. The Ugashik system also showed a

Fig. 2. Comparisons of the average annual PDO index for 1900–1998 (E) (ref.
26 and http:!!tao.atmos.washington.edu!pdo) and annual streamflow for
two coastal rivers in southwestern Alaska. All time series have been normal-
ized to the long-term mean. (A and B) The cross correlation plots (CCF)
between normalized annual flow for each of the two rivers and the annual
average PDO index. Lags are shown for 1-year increments. Horizontal lines on
A and B mark the significance bounds (P ! 0.05). Historical streamflow (annual
ft3!s"1) is shown for the Nuyakuk River (59°56#08‘‘ N, 158°11#16’’ W, C) in the
Upper Nushagak drainage near Dillingham, Alaska (1954–1989) and for the
Kenai River at Cooper Landing, Alaska (60°29#34‘‘ N, 149°48#28’’ W, D) for
1948–1998.

Fig. 3. Catch history of the three major fishing areas within Bristol Bay,
Alaska. Contributions of the minor districts, Ugashik and Togiak, have aver-
aged 4.6% since 1955.

6566 " www.pnas.org!cgi!doi!10.1073!pnas.1037274100 Hilborn et al.

Hilborn et al. 2003 PNAS 
Schindler et al. 2010 Nature 
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•  Forecasts to identify 
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•  Temporary 
moratoria 

•  Targeted research 

•  Experimental fishing 



3. Evaluate spatial boundaries 



3. Evaluate spatial boundaries 

but use network 
effects for 
broad-purpose 
areas 



4. Prepare international agreements 

mechanisms for cooperation and side-payments 

Astthorsson et al. 2012 ICES J Mar Sci 
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mechanisms for cooperation and side-payments 

Forecasts to identify priority species and boundaries 
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Supporting Information
Ye et al. 10.1073/pnas.1417063112

Other Supporting Information Files

SI Appendix (PDF)
Dataset S1 (XLS)
Dataset S2 (XLS)
Dataset S3 (XLS)
Dataset S4 (TXT)

Movie S1. This movie describes the essential mechanics of empirical dynamic modeling, demonstrating the relationship between time series and dynamic
attractors and illustrating how Takens’ theorem (1) can be used to reconstruct a shadow manifold. Modified from ref. 2.

Movie S1

1. Takens F (1981) Detecting strange attractors in turbulence. Dynamical Systems and Turbulence. Lecture Notes in Mathematics (Springer, Berlin Heidelberg), Vol 898, pp 366–381.
2. Sugihara G, et al. (2012) Detecting causality in complex ecosystems. Science 338(6106):496–500.

Ye et al. www.pnas.org/cgi/content/short/1417063112 1 of 1

Ye et al. 2015 PNAS 



5. Climate effects in assessments 

• Use data from current regime 
• Use an environmental covariate 
• Empirical methods 
• Add a precautionary buffer 

Multiple approaches: 



6. Scenario evaluation 
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6. Scenario evaluation 

Forecasts to identify 
–  Robust harvest control rules 
–  “Climate ready” marine spatial plans 
–  Emerging fisheries 
–  Vulnerable species 
–  International conflict species 
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7. Monitor for surprises & respond 

• Survey year-class strength 
• Early warning signals 

Scheffer et al. 2009 Nature 



8. Consider barriers to adaptation 
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Outline 

• Climate has widespread impacts on fish 
populations 

• We have a range of tools to adapt 
management 

• Forecasts can play an important role 
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A “toolbox” of approaches 

1.  Address the basics 

2.  Prepare for emerging fisheries 

3.  Evaluate spatial boundaries 

4.  Prepare international agreement 

5.  Include climate effects in assessments 

6.  Evaluate scenarios 

7.  Monitor for surprises & respond 

8.  Consider barriers to adaptation 


