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Forage fish support the largest fisheries in the world but also play
key roles in marine food webs by transferring energy from plankton
to upper trophic-level predators, such as large fish, seabirds, and
marine mammals. Fishing can, thereby, have far reaching conse-
quences on marine foodwebs unless safeguards are in place to avoid
depleting forage fish to dangerously low levels, where dependent
predators are most vulnerable. However, disentangling the contri-
butions of fishing vs. natural processes on population dynamics has
been difficult because of the sensitivity of these stocks to environ-
mental conditions. Here, we overcome this difficulty by collating
population time series for forage fish populations that account for
nearly two-thirds of global catch of forage fish to identify the
fingerprint of fisheries on their population dynamics. Forage fish
population collapses shared a set of common and unique character-
istics: high fishing pressure for several years before collapse, a sharp
drop in natural population productivity, and a lagged response to
reduce fishing pressure. Lagged response to natural productivity
declines can sharply amplify the magnitude of naturally occurring
population fluctuations. Finally, we show that the magnitude and
frequency of collapses are greater than expected from natural
productivity characteristics and therefore, likely attributed to fishing.
The durations of collapses, however, were not different from those
expected based on natural productivity shifts. A risk-based manage-
ment scheme that reduces fishing when populations become scarce
would protect forage fish and their predators from collapse with
little effect on long-term average catches.
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Forage fish are small pelagic fish, such as herrings, anchovies,
and sardines, that provide multiple benefits to people and

marine food webs. These species support the largest fisheries in
the world, accounting for 30% of global fisheries landings by
weight and benefiting aquaculture and livestock industries
through the production of fish meal and fish oil (1). At the same
time, these species are important for marine food webs, because
they provide a key linkage from lower trophic-level planktonic
species to upper trophic-level predators, such as large fish, seabirds,
and marine mammals (2–4). These predators also have economic
value through fisheries (2), tourism (5), or nonmarket existence
values (6). Collapses of forage fish populations, which have been
frequent (7, 8), can, therefore, generate widespread ecological ef-
fects (9–11). Because of these concerns, there is a growing move-
ment to develop and apply robust management approaches to
forage fisheries to avoid the risk of fisheries-induced stock col-
lapses and attendant ecological consequences (11, 12).
One of the principal challenges in assessing the ecological

consequences of forage fish fisheries is that these stocks undergo
large cyclical fluctuations in abundance (13, 14) (Fig. 1). Fishing
can potentially exacerbate naturally caused collapses, because
shifts in populations’ spatial distributions coupled with fish
schooling behavior allow fisheries to be economically viable,
even when abundance is low (7, 15). Because of these fluctua-
tions, standard static reference points used to judge stock status
[e.g., unfished biomass (biomass that maximizes long-term sus-
tainable yield)] have little meaning for the management of for-
age fish stocks. Most reference points are based on a presumed

relation between population production and population biomass,
but such a relationship rarely exists among these populations
(Fig. S1). Moreover, these fluctuations greatly reduce our ability
to ascertain effects of fishing on stock dynamics (16), and by ex-
tension, effects of fishing on dependent predators. Some have
concluded that fishing acts primarily to accelerate population col-
lapses that were destined to occur because of natural processes (7).
To date, it has not been possible to determine whether fishing also
makes collapses more frequent, more severe, or more prolonged.
Here, we contribute to understanding ecological consequences

of forage fish fisheries to ask how fishing has affected population
characteristics that are most relevant for dependent predators.
Predators are most sensitive to changes in forage fish abundance
when forage abundance is low (9), and therefore, we focus on the
effects of fishing with respect to the magnitude (scale of fluctuation),
frequency (proportion of stocks at low abundance), and duration
(number of years until recovery) of stock collapse. We compiled
time series of population biomass and fisheries catches on stocks
around the globe from stock assessments, restricting our analysis to
55 stocks with a time series that spanned at least 25 y (Table S1).
Forage fish stocks used in this analysis included anchovies, capelin,
herrings, mackerels, menhaden, sand eels, and sardines, which since
2000, supported average annual catches of 17 million tons y−1 and
comprised 65% of global forage fish catches (17).

Results and Discussion
Nearly one-half (n = 27) of the small pelagic fish populations
collapsed at a threshold of 25% of average population biomass,
whereas nearly one-third (n = 16) collapsed at a lower threshold
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by showing that high fishing rates are maintained when stock
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management policies would provide substantial ecological
benefits with little effect on fishery catches.
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of 15% of average biomass. There was no discernable trend in
probability of collapse by decade (from the 1950s to the 2000s; P =
0.47), and there was no difference in the probability of a stock
collapse among five main regions (North Atlantic, South Atlantic,
North Pacific, South Pacific, and Mediterranean Sea; P = 0.79) or
finer oceanic regions (SI Methods). We conducted multiple sen-
sitivity analyses to determine whether results were robust to our
operational definition of stock collapse. Although specific results
varied by alternative method, none revealed systematic trends
through time or among regions in collapse frequency (Methods
and SI Methods). Collectively, these results indicate that severe
collapses of forage fish populations have been relatively common
and that no particular time period or region is unambiguously
more prone to collapses than others.
We examined stock collapses in more detail to identify com-

mon patterns of fishing rate (fraction of fish biomass caught) and
natural stock productivity (new biomass produced), finding that
a combination of sustained high fishing rate, rapid decline in
natural productivity, and delayed response of the fishery to low
productivity contributed to population collapses. For this anal-
ysis, we only used populations for which we could estimate
fishing rate and natural population productivity, which was a
subset (n = 15) of 27 populations that collapsed. For these col-
lapsed populations, periods preceding collapses were associated
with exceptionally high fishing rates (50–200% higher than av-
erage annual fishing rates), with one-third of the populations
experiencing fishing rates that exceeded 0.75 y−1 (Fig. 2). High
fishing rates continued until after stock collapse, when fishing
was eventually reduced to lower levels. We compared fishing
rates with natural stock productivity, which is the rate of change
that the population would have experienced in the absence of
fishing, and therefore, it provides a signal for the integrated ef-
fects of environmental conditions and population biomass (the

latter of which is minimal) (Fig. S1). Average population pro-
ductivity declined sharply beginning 2–3 y before collapse,
plummeting to −0.02 y−1 (expressed as the fraction of average
population biomass) immediately before collapse and rebound-
ing shortly thereafter. For stocks that did not collapse (defined as
minimum biomass > 0.3 to clearly separate collapsed and non-
collapsed stocks; n = 19), we observed different patterns of
fishing and natural productivity preceding the year of minimum
population biomass. There was little trend in fishing mortality
rate among these populations, and overall fishing rates were
lower than those documented in collapsed stocks (Fig. 2). As was
the case for collapsed stocks, natural population productivity
declined before the year of minimum biomass (Fig. 2).
We conducted two additional analyses of the populations

where we had time series of population productivity and fishing
rates to quantify the role of fishing in stock collapses. First, we
asked whether mean fishing rates and mean natural population
productivity differed between collapsed and noncollapsed pop-
ulations. We used the mean fishing and productivity rates during
2 y before collapse or minimum biomass, because this time
interval seemed to be a key period when fishing was sharply
greater than natural productivity and could, thereby, contribute
to collapses (Fig. 2). The mean fishing rate during these periods
was significantly different (P = 0.014) between collapsed and
noncollapsed populations, with mean rates of 0.44 and 0.26 y−1

in collapsed and noncollapsed populations, respectively. The
differences in mean natural productivities, 0.022 and 0.15 y−1 for
collapsed and noncollapsed populations, respectively, were not
significantly different (P = 0.12), largely because of high variance
across stocks. Second, we used time series of natural population
productivity of collapsed stocks to quantify the likely minimum
biomass and collapse frequency had there been no fishing for 2 y
before collapse using standard population modeling techniques.

Tsushima Strait Pilchard
CV=1.48; β = 2.5

Chub Mackerel P. Coast
CV=1.28; β = 2

Norwegian Spring Spawn Herring
CV=0.7; β = 2.2

0

3

Peru Anchovetta
CV=0.54; β = 1.9

Queen Charlotte Island Herring
CV=0.82; β = 0.5

Atlantic Menhaden
CV=0.38; β = 0.4

50 years

Fig. 1. Examples of forage fish biomass trends showing magnitudes and characteristics of population fluctuations. Dotted lines denote the long-term mean
biomass for each stock, and horizontal and vertical bars show time and biomass scale (expressed as a ratio of annual biomass to mean biomass), respectively.
Time series are not aligned according to actual start and end date; β is the Fourier spectral scaling exponent, where variance scales with frequency as f −β. Five
stocks show the range of population fluctuations from extreme long- (Tsushima Strait Pilchard) to short-term (Atlantic Menhaden) variability. Across all 40
stocks for which there were sufficiently long biomass time series to estimate β, the average coefficient of variation (CV) and β were 0.5 and 1.9, respectively.
For comparison, a common decadal scale environmental index, the Pacific Decadal Oscillation (33), has β near 1.0.
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Models predict that only 4 of these 15 populations would have
collapsed from natural productivity declines alone and that the
average minimum biomass levels would have been six times
greater if fishing had not occurred during the years immediately
leading up to collapse.
The above analysis provided evidence implicating high fishing

rates as a factor promoting population collapse, but that analysis
was restricted to a subset of collapsed populations for which we
could reconstruct natural productivity and fishing rate trends.
We sought to reveal the fingerprint of fishing on all population
dynamics to evaluate whether stock collapses were more
extreme, occurred more frequently, or persisted longer than
expected if stocks were fluctuating randomly without trend but
with comparable variance and spectral scaling of natural pop-
ulation growth rates. To this end, we applied a randomization
test analogous to a Population Viability Analysis (18), in which
we estimated the annual natural population growth rates for
each stock in each year, characterized the variance and spectral
scaling of growth rate, and then, simulated time series from these
characteristics (SI Methods and Fig. S2). This procedure revealed
that the minimum forage fish biomass levels were significantly

lower than those expected based on natural productivity char-
acteristics (Fig. 3), with the median minimum biomass 44%
lower than expected from the randomization test. This result was
robust to alternative assumptions regarding the extent that bio-
mass dictates population productivity (SI Methods and Fig. S3).
Moreover, the proportion of stocks collapsed (7 of 51) in 2006
(the year with the most collapsed stocks) was marginally greater
than the maximum level expected (P = 0.10). At a lower collapse
threshold (20%; 4 of 52 collapsed), the maximum annual collapse
frequency was significantly greater than expected (P = 0.025). In
contrast, the average duration of stock collapse (mean = 8.7 y;
defined as the number of years to recover from collapse to average
biomass) was not different from expected if stocks were
fluctuating randomly.
There are essentially two management tools to protect de-

pendent forage fish predators by avoiding or dampening stock
collapses. The first tool is to develop early warning indicators of
changing stock productivity and incorporate that knowledge into
management systems so that fishing rates can be adjusted (8, 19).
The performance of this approach has been mixed, with a few
successes when processes were well-known and management
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Fig. 2. (Upper) Time trends of population biomass and fishing rate (Left) before and after population collapse and (Right) before and after minimum
biomass for populations that did not collapse. High fishing rates (>60% of population biomass removed by fishing annually) were not uncommon in collapsed
populations before stock collapse but were less common among noncollapsed populations. For collapsed stocks, fishing rates were commonly reduced after
collapse. (Lower) Mean (± SE) fishing rate and natural population production rate (Left; surplus production standardized by each population’s average
biomass) before and after population collapses and (Right) before and after minimum biomass for populations that did not collapse. On average, collapsed
stocks experienced high fishing rates for several years before collapse, and stock productivity consistently declined sharply 1–2 y before stock collapse.
Extreme fishing rates and extreme drops in natural population productivity were less common among stocks that did not collapse. To stabilize variance in
productivity, we took the average and SE after omitting the smallest and largest values for each year.
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systems were adaptive to indicators (8) but many more failures
when environmental proxies did not give accurate predictions
(20). The second tool admits these limitations and thereby, relies
on a risk-based approach (21), where fishing is restricted during
high-risk periods to account for this uncertainty. We weighed the
ecological benefits and foregone catch under a hypothetical risk-
based harvest policy that protects forage fish from fishing when
they are susceptible to collapse and when predators are most
sensitive to forage fish abundance (9). We simulated conse-
quences of this hypothetical harvest rule, wherein fishing was
suspended if biomass was less than one-half of the mean, and
fishing occurred at observed levels otherwise, assuming that
population productivity was independent of stock biomass
(whereas a sensitivity analysis indicated that results were robust
to this assumption) (SI Methods and Fig. S1). The application of
this rule to time series of stock biomass and fishing catches led to
a nearly 80% increase in minimum biomass levels and a 64%
reduction in the number of collapsed stocks. In contrast, average
catches were reduced very little (1.7%), because fishing closures
allowed stocks to recover to higher abundance more quickly and
catches were already low during these periods. The application
of this on–off rule is intended here only to compare possible
benefits and costs, but in practice, harvest policies need to be
tailored to the socioeconomic and ecological context of each
fishery (e.g., allowing a low level of catch to maintain job secu-
rity). Regardless of whether no fishing or very limited fishing is
allowed, restricting fishing opportunities when forage fish are
moderately scarce would have little effect on fishery catches
while providing substantial ecological benefits.

The ecological consequences of stock collapses will depend on
the compensatory capacity of ecosystems and adaptive capability
of predators. For example, anchovy and sardine populations are
thought to oscillate out of phase (22), but long-term records and
models do not suggest that this is always consistent through time
(8, 14); typically, one species reaches higher peak abundances
than the other. Some predators, particularly piscivorous fishes,
are generalist consumers that can adapt to changing prey
abundances by shifting foraging strategies (23). Finally, not all
forage fish are critically important for food webs (24, 25), and
therefore, some stock collapses may not have widespread eco-
logical effects. These considerations are important, but it is
equally important to identify ways that our assessment might
underestimate ecological consequences. Population biomass is a
crude measure of population status, because it does not consider
important components of population structure (e.g., spatial,
temporal, and size). Fishing can erode stock structure of forage
fish populations (26), which in turn, can magnify variance in the
delivery of ecosystem services to natural predators and fisheries
(27). The spatial range of stocks often changes with abundance
(15), which can amplify or dampen vulnerability of central place
predators (e.g., seabirds and pinnipeds) to reductions in forage
stock abundance depending on whether critical foraging sites are
at the edges or within the core of stock ranges. These predators
can also be sensitive to localized depletion, especially during
critical breeding and nesting periods (28). Because stock col-
lapses have been made more frequent by fishing and are caused
by overly high fishing rates when abundance and productivity are
low, simple measures that protect stocks when they are most
susceptible to collapse would provide a positive step toward an
ecosystem-based management strategy that can reduce the fre-
quency and magnitude of collapses, protecting forage fish and
the food webs and fisheries that depend on them.

Methods
Time series of catch, exploitation rate, and population biomass were available
from the RAM Legacy Stock Assessment database (29). When total biomass
and spawning stock biomass were both provided, we preferentially used
total biomass. We only considered time series that spanned at least 25 y,
which was the minimum number of years that we deemed adequate to
reliably estimate minimum biomass levels and other population attributes
given the dominance of low-frequency variation. The longest time series was
106 y, and the mean was 41.7 y. All biomass time series were standardized by
their mean to permit comparisons across stocks. Note that biomass time
series are stock assessment outputs generated by fitting data to population
models. As such, each time series has a different estimation uncertainty, and
assumptions of the population models could induce biases in autocorrela-
tion (spectral scaling) in abundance and population productivity. Because we
used a large number of populations assessed with a wide range of methods,
there is no basis to believe that our main conclusions are biased.

To test for changes in the proportion of populations collapsing among
decades, we enumerated for each decade the number of populations that had
their first collapse year in that decade and the number of stocks for which there
were at least 5 y of population estimates. For reported analyses, we defined a
collapse as any population level below 0.25 of the mean. Only one stock col-
lapsed more than one time (Barents Sea Capelin), and therefore, for simplicity,
we only used the first instance of collapse, because visual analysis of fishing and
productivity trends revealed nearly identical dynamics leading up to the second
collapse. We tested for differences across decades by fitting a binomial gen-
eralized linearmodel, where the number of collapsed stocks and the number of
stocks with estimates by decade comprised a bivariate response variable and
decade was a categorical variable. To confirm that the results were not driven
by our biomass threshold, we repeated the analysis for collapse thresholds
equal to 0.5 and 0.15. For the former, we found no evidence of changes in
collapse frequency, whereas for the latter, we found evidence for higher
collapse frequency in the 1960s and 1980s, with similar collapse frequency in the
other decades. We used the same framework to test for differences in collapse
frequency among five main ocean regions: North Pacific, North Atlantic, South
Pacific, South Atlantic, and Mediterranean Sea (SI Methods). We performed
secondary sensitivity analyses that used different measures of collapse and
finer regional classifications, finding similar results (SI Methods).
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Fig. 3. Comparison of minimum stock biomass levels (shown as a histogram
in Upper and a cumulative frequency distribution line in blue in Lower), with
expected 95% range of cumulative frequency distribution (orange) from
randomization test. The randomization test simulated populations with
similar characteristics (time series lengths, variability, and spectral scaling of
population growth rate) but without any long-term trend in abundance. The
observed frequencies of very low minimum biomass levels are greater than
expected if populations were fluctuating randomly.
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To characterize fishing trends for collapsed stocks, we used the ratio of
catch to total biomass as our estimate of fishing rate (exceptions are discussed
in SI Methods). Natural population productivity was calculated as the annual
change in total biomass plus fishery catches (i.e., surplus production). This
calculation gives the natural population surplus productivity or the rate of
change in the population that would have occurred in the absence of fishing
based on the following standard population dynamic model:

ΔBt

Δt
= SPt − FtBt , [1]

where Bt is population biomass in year t, SPt is the surplus productivity in
year t, and Ft is the ratio of catch to biomass in year t (details on the esti-
mation of natural productivity are given in SI Methods). We standardized
surplus productivity in the same way that we standardized population bio-
mass by dividing by the average population biomass. This analysis could only
be conducted for populations that had estimates of total biomass and
fishery catches (i.e., spawning biomass series cannot be used). We compared
mean fishing rates and surplus productivity rates before collapse using two-
sided t tests, assuming unequal variances.

We tested whether observed minimum stock biomass levels would be
expected from chance by generating random biomass time series that had
equivalent productivity characteristics as the actual biomass time series and
comparing simulated with observed minimum biomass levels. Details of the
analysis are presented in SI Methods, but we provide an overview of the
process here. From the biomass time series, we estimated the log of
the population growth rates [ln(Bt+1/Bt + Ft), where Bt is the population
biomass in year t, and Ft is the fishing rate in year t] for each stock. From
these, we estimated the variance and spectral scaling of population growth
rate of each stock and used these to fit a bivariate kernel density function
from which random draws of variance and spectral scaling could be drawn.
Spectral scaling (30) of population productivity was calculated by using the
method of multiple segments (31), which estimates how log(spectral density)
scales with frequency. We generated time series of 200 y by drawing vari-
ance and spectral scaling from the kernel density function using spectral
synthesis to generate a time series of log(growth rate) based on those
characteristics (32) and then, generating a time series of population biomass
based on the time series of growth rates. We then truncated the time series

so that simulated time series had the same length as the true time series. We
performed several checks to confirm that the simulated biomass time series
were adequately capturing properties of the actual biomass time series (SI
Methods). We conducted 1,000 iterations of the randomization test, calcu-
lating the cumulative density of minimum biomass over the simulated stocks
for each iteration. A sensitivity analysis that relaxed the assumption that
population productivity was related to biomass revealed stronger support
that the minimum biomass levels were lower than expected by chance
(SI Methods).

We simulated consequences of a hypothetical fishery rule, wherein fishing
was suspended if biomass was below one-half of the mean, and fishing
equaled observed levels otherwise. In this analysis, we applied the following
model to any stock with standardized minimum biomass that was less than
0.5 (e.g., one-half below the mean):

Bt+1 =
�
Bt + SPt − FtBt , if  Bt > 0:5
Bt + SPt , otherwise

, [2]

where Bt is stock biomass, SPt is the surplus production, and Ft is the fishing
mortality rate in year t. SPt was calculated from the time series of biomass
and catches. We projected population biomass forward 10 y starting with
the first year that B < 0.5. We compared the projected with actual minimum
biomass for each population as the ratio min(Bprojected)/min(B) and reported
the average of this ratio across stocks. We also conducted a second analysis
as a sensitivity analysis, in which population productivity was a linear func-
tion of population biomass. This alternative model predicted even larger
ecological benefits and a net benefit to fisheries (SI Methods).

All computer code (R code) and data are available at https://github.com/
tessington/PNASForageFish.

ACKNOWLEDGMENTS. We thank Philippe Cury, Ray Hilborn, Alec MacCall,
Ellen Pikitch, the editor, and two anonymous reviewers for manuscript
comments. We thank Carryn De Moor and Jonathan Deroba for providing
updated stock assessment output, and Kim Cuddington and Tristan Rouyer
for assistance with spectral synthesis coding. This work was funded by the
Pew Fellows Program in Marine Conservation with support from the RAM
Legacy Database Project.

1. Alder J, Campbell B, Karpouzi V, Kaschner K, Pauly D (2008) Forage fish: From eco-

systems to markets. Annu Rev Environ Resour 33(1):153–166.
2. Pikitch EK, et al. (2014) The global contribution of forage fish to marine fisheries and

ecosystems. Fish Fish 15(1):43–64.
3. Cury P, et al. (2000) Small pelagics in upwelling systems: Patterns of interaction and

structural changes in “wasp-waist” ecosystems. ICES J Mar Sci 57(3):603–618.
4. Fréon P, Cury P, Shannon L, Roy C (2005) Sustainable exploitation of small pelagic fish

stocks challenged by environmental and ecosystem changes: A review. Bull Mar Sci

76(2):385–462.
5. Cisneros-Montemayor AM, Sumaila UR (2010) A global estimate of benefits from

ecosystem-based marine recreation: Potential impacts and implications for manage-

ment. J Bioecon 12(3):245–268.
6. Lew DK, Layton DF, Rowe RD (2010) Valuing enhancements to endangered species

protection under alternative baseline futures: The case of the Steller sea lion. Mar

Resour Econ 25(2):113–154.
7. Beverton RJH (1990) Small marine pelagic fish and the threat of fishing: Are they

endangered? J Fish Biol 37(Suppl A):5–16.
8. Lindegren M, Checkley DM, Jr, Rouyer T, MacCall AD, Stenseth NC (2013) Climate,

fishing, and fluctuations of sardine and anchovy in the California Current. Proc Natl

Acad Sci USA 110(33):13672–13677.
9. Cury PM, et al. (2011) Global seabird response to forage fish depletion—one-third for

the birds. Science 334(6063):1703–1706.
10. Furness RW (2003) Impacts of fisheries on seabird communities. Sci Mar 67(Suppl 2):33–45.
11. Smith AD, et al. (2011) Impacts of fishing low-trophic level species on marine eco-

systems. Science 333(6046):1147–1150.
12. Pikitch EK, et al. (2012) Little Fish, Big Impact: Managing a Crucial Link in Ocean Food

Webs (Lenfest Ocean Program, Washington, DC).
13. MacCall A (2009) Mechansism of low-frequency fluctuations of sardine and anchovy

populations. Climate Change and Small Pelagic Fish, eds Checkley DM, Alheit J,

Oozeki Y, Roy C (Cambridge Univ Press, New York), pp 285–299.
14. Baumgartner T, Soutar A, Ferrierra-Bartrina V (1992) Reconstruction of the history of

Pacific sardine and Northern anchovy populations over the past two millennia from

sediements of the Santa Barbara basin, California. CALCOFI Inv Rep 33:24–40.
15. MacCall AD (1990) Dynamic Geography of Marine Fish Populations (Univ of Wash-

ington Press, Seattle).
16. Barange M, et al. (2009) Current trends in the assessent and management of stocks.

Climate Change and Small Pelagic Fish, eds Checkley DM, Alheit J, Oozeki Y, Roy C

(Cambridge Univ Press, New York), pp 191–255.

17. Food and Agriculture Organization (2013) Fisheries and Aquaculture Software. Fish-
stat Plus—Universal Software for Fishery Statistical Time Series (Food and Agriculture
Organization, Rome).

18. Morris WF, Doak DF (2002) Quantitative Conservation Biology (Sinauer, Sunderland, MA).
19. Lindegren M, Möllmann C, Nielsen A, Stenseth NC (2009) Preventing the collapse of

the Baltic cod stock through an ecosystem-based management approach. Proc Natl
Acad Sci USA 106(34):14722–14727.

20. Punt AE, et al. (2014) Fisheries management under climate and environmental un-
certainty: Control rules and performance simulation. ICES J Mar Sci 71(8):2208–2220.

21. Ludwig D, Hilborn R, Walters C (1993) Uncertainty, resource exploitation, and con-
servation: Lessons from history. Science 260(5104):17–36.

22. Chavez FP, Ryan J, Lluch-Cota SE, Niquen C M (2003) From anchovies to sardines and
back: Multidecadal change in the Pacific Ocean. Science 299(5604):217–221.

23. Hunsicker ME, et al. (2011) Functional responses and scaling in predator-prey in-
teractions of marine fishes: Contemporary issues and emerging concepts. Ecol Lett
14(12):1288–1299.

24. Essington TE, Munch SB (2014) Trade-offs between supportive and provisioning
ecosystem services of forage species in marine food webs. Ecol Appl 24(6):1543–1557.

25. Plagányi EE, Essington TE (2014) When the SURFs up, the forage are key. Fish Res 159:
68–74.

26. Hay DE, et al. (2001) Taking stock: An inventory and review of world herring stocks in
2000. Herring: Expectations for a New Millenium, eds Funk F, et al. (Alaska Sea Grant
College Program, Anchorage, AK), pp 381–454.

27. Schindler DE, et al. (2010) Population diversity and the portfolio effect in an exploited
species. Nature 465(7298):609–612.

28. Furness RW, Tasker ML (2000) Seabird-fishery interactions: Quantifying the sensitivity
of seabirds to reductions in sandeel abundance, and identification of key areas for
sensitive seabirds in the North Sea. Mar Ecol Prog Ser 202:253–264.

29. Ricard D, Minto C, Baum JK, Jensen OP (2011) Assessing the stock assessment knowledge
and status of marine fisheries with the new RAM Legacy database. Fish Fish 13(4):
380–398.

30. Vasseur DA, Yodzis P (2004) The color of environmental noise. Ecology 85(4):
1146–1152.

31. Miramontes O, Rohani P (2002) Estimating 1/fα scaling exponents from short time
series. Physica D 166(3):147–154.

32. Cuddington KM, Yodzis P (1999) Black noise and population persistence. Proc R Soc
Lond B Biol Sci 266(1422):969–973.

33. Mantua NJ, Hare SR, Zhang Y, Wallace JM, Francis RC (1997) A Pacific interdecadal
climate oscillation with impacts on salmon production. Bull Am Meteorol Soc 78(6):
1069–1079.

6652 | www.pnas.org/cgi/doi/10.1073/pnas.1422020112 Essington et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1422020112/-/DCSupplemental/pnas.201422020SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1422020112/-/DCSupplemental/pnas.201422020SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1422020112/-/DCSupplemental/pnas.201422020SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1422020112/-/DCSupplemental/pnas.201422020SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1422020112/-/DCSupplemental/pnas.201422020SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1422020112/-/DCSupplemental/pnas.201422020SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1422020112/-/DCSupplemental/pnas.201422020SI.pdf?targetid=nameddest=STXT
https://github.com/tessington/PNASForageFish
https://github.com/tessington/PNASForageFish
www.pnas.org/cgi/doi/10.1073/pnas.1422020112

