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Understanding which species are most vulnerable to human im-
pacts is a prerequisite for designing effective conservation strat-
egies. Surveys of terrestrial species have suggested that large-
bodied species and top predators are the most at risk, and it is
commonly assumed that such patterns also apply in the ocean.
However, there has been no global test of this hypothesis in the
sea. We analyzed two fisheries datasets (stock assessments and
landings) to determine the life-history traits of species that have
suffered dramatic population collapses. Contrary to expectations,
our data suggest that up to twice as many fisheries for small, low
trophic-level species have collapsed compared with those for large
predators. These patterns contrast with those on land, suggesting
fundamental differences in the ways that industrial fisheries and
land conversion affect natural communities. Even temporary col-
lapses of small, low trophic-level fishes can have ecosystem-wide
impacts by reducing food supply to larger fish, seabirds, and ma-
rine mammals.
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Overﬁshing is one of the most serious conservation concerns
in marine ecosystems (1), but understanding which species
are most at risk remains a challenge. On land, life-history traits
are strong predictors of extinction risk (2), and vulnerable spe-
cies often have large body size and high trophic level (2, 3). In
marine ecosystems, the well-publicized declines of large preda-
tory fishes (4, 5) suggest that similar trends may also be common
in the sea. However, research to date has found or proposed a
wide range of life-history characteristics that cause high vul-
nerability, including large body size (6-9), late maturity (6, 9),
long lifespan (6, 8-11), low fecundity and high parental in-
vestment in offspring (11, 12), or high trophic level (2, 13).
Understanding which traits, or combinations of traits, are most
useful for predicting vulnerability has been difficult because
analyses have been limited to regional comparisons or narrow
species groups, and because reliable global data have not been
available to more broadly test which types of fishes are most
likely to suffer fisheries collapse.

In addition, there are reasons to believe that regional or ter-
restrial life-history trends might not apply globally in the ocean.
For example, fishery biologists often recommend higher harvest
rates for fast-growing, highly productive species, and lower har-
vest rates for species with lower productivity (14). Where im-
plemented, these adjustments might reduce the resilience of fast-
growing species and put all harvested species at similar risks of
decline. In addition, economic forces or management regime
may be more important than life history in determining whether
fishing effort is successfully controlled (15, 16). Small pelagic
species, although often possessing a rapid growth rate, are also
highly catchable, and therefore susceptible to overfishing (17).
Finally, the conflict with human development that is particularly
acute for large, terrestrial mammals (3) may be smaller in open-
ocean ecosystems far from coastlines.

www.pnas.org/cgi/doi/10.1073/pnas. 1015313108

In this article, we used two independent fisheries databases to
determine which stocks have collapsed to low population abun-
dance. Our first database contained 223 scientific stock assess-
ments for 120 species. For these assessments, a stock was defined
as collapsed if its minimum annual biomass (Byn) fell to < 20%
of the biomass necessary to support maximum sustainable yield
(Bmsy) (1). In addition, we examined global landings reported by
the Food and Agriculture Organization (FAO) for 1950 to 2006.
We treated each FAO statistical area as a stock, for a total of 891
stocks across 458 species. For landings data, a stock was defined
as collapsed if landings remained below 10% of the average of
the five highest landings recorded for more than 2 y. We found
this definition to have the lowest misclassification rate (18%)
when we evaluated it against stocks for which we had both bio-
mass and catch timeseries (Materials and Methods). In most
misclassifications (14 of 24), we failed to detect collapses that
had occurred, suggesting that our landings definition is relatively
conservative. Finally, we assessed the prevalence of collapse
across a broad range of life-history traits, including lifespan, age
of maturity, body size, trophic level, growth rate, fecundity, and
parental investment in offspring (egg size) (18).

Results

We first examined life-history traits of species targeted by global
fisheries. Although fisheries caught the entire range of trophic
levels and growth rates seen among marine fish, fisheries tended
to catch larger, higher trophic level, and slower-growing species
(P < 1077) (Fig. 1). In addition, the very smallest species (< 8
cm) did not appear in global, industrial fisheries. There were no
substantial size or trophic-level differences between the species
that appear in the global landings database and those that appear
in the scientific stock assessments, although the latter are on
average somewhat slower growing (P = 107'°).

Overall, we found that 17.0 or 25.1% of the stocks in each
species had collapsed, on average, in the assessment (n = 52) or
landings data (n = 223), respectively. In addition, 23.3 or 34.9%
of species had experienced at least one stock collapse (assess-
ments n = 28, or landings n = 160, respectively) (Table S1).

One hypothesis was that large, high trophic-level species would
show a higher incidence of collapse than small, low trophic-
level species. Instead, the assessment data revealed fisheries
collapses across the range of life-history traits (Fig. 2 A-E).
Among top predators [trophic level (TL) > 4.2], 12% of stocks
had collapsed, but twice the percentage (25%) had collapsed
among low trophic-level fishes (TL < 3.3). Among large species
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Life history patterns of fished species. Histograms for all marine fish (black), species in the landings database (gray), and species in the as-

sessment database (white) for (A) length (n = 16,548/457/120 for all/landings/assessments), (B) trophic level (n = 16,548/457/120), and (C) growth rate

(n = 14,118/447/120).

(> 16 kg), 16% of stocks had collapsed, but 29% had collapsed in
small species (< 2.5 kg).

Although the above comparisons suggested more collapses in
small, low trophic-level fishes, generalized linear models fit to
the assessment data showed that the proportion of stock col-
lapses was not significantly related to trophic level (P = 0.15),
weight (P = 0.26), longevity (P = 0.10), age of maturity (P =
0.92), fecundity (P = 0.77), or investment in offspring (P = 0.99)
(Table S2). The incidence of collapse, however, was somewhat
higher for fast growing species (P = 0.019).

The landings data generally supported the conclusion that
large, top predators are not more vulnerable than small, low
trophic-level fishes (Fig. 3. 4-E). Among top predators (TL > 4.2),
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26% of stocks had collapsed, but a similar percentage (21%) had
collapsed in low trophic-level species (TL < 3.4). Similarly, 36%
of stocks had collapsed in large species (> 30 kg), but 31% had
collapsed in small species (< 2.4 kg). Models suggested that the
proportion of stocks collapsed did not change with trophic level
(P = 0.22), fecundity (P = 0.23), or investment in offspring (P =
0.52). Trends were weakly toward more collapses among long-
lived species (P = 0.012), those with later maturity (P = 0.036),
heavier species (P = 0.014), and those with slower growth (P =
0.048), opposite to the trends in the assessment data. Trends were
not significant after correction for multiple comparisons.

In addition, we examined whether combinations of life-history
traits might predict vulnerability, because multiple traits are of-
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Fig. 2. Collapses in the assessment database in relation to life history traits. Traits include (A) lifespan (n = 97), (B) age of maturity (n = 96), (C) weight (n = 93),
(D) trophic level (n = 120), (E) growth rate (n = 120), (F) fecundity (n = 93), (G) investment in offspring (egg diameter, n = 97), (H) year of fishery initiation (n =
46), and (/) relative fishing mortality (n = 99). Each dot represents the proportion of stocks collapsed within a species. All x axes are log-transformed except
those for trophic level and fishery initiation. Dashed line is the best fit from a generalized linear model.
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Fig. 3. Collapses in the landings database in relation to life history traits. Traits include (A) lifespan (n = 206), (B) age of maturity (n = 216), (C) weight (n =
267), (D) trophic level (n = 457), (E) growth rate (n = 447), (F) fecundity (n = 172), (G) investment in offspring (egg diameter, n = 155), and (H) year of fishery

initiation (n = 208). Also see notes for Fig. 2.

ten necessary for defining a life-history strategy (11). However,
combining life-history traits in multiple regression models could
only predict 14 or 8% of the deviance in the data (P = 0.046 or
P = 0.15, assessments and landings, respectively) (Table S2),
suggesting that collapse incidence was not strongly related to life
history in any combination. For the models based on assessment
data, higher growth rate was the most frequently included trait,
and these models suggested that species with higher growth rates
experienced a higher incidence of fisheries collapse. Previous
authors have proposed that fishes with low fecundity and high
investment in offspring (large egg diameter) may be particularly
vulnerable to fishing (11), but we did not find evidence that this
combination could explain the incidence of fishery collapses
(0.8% or 1.1% of deviance explained, P = 0.79 or 0.59 within the
assessment and landings data, respectively).

We also explored the relationship between life history and
alternative measures of vulnerability, including incidence of over-
fished stocks (Byin < 50% Bumsy), maximum depletion (Byn/
Bumsy), and a less strict definition of landings collapse (landings
below 10% of the single highest landings recorded for a single
year). All trends were similar to those reported above (Figs. S1,
S2, and S3). Removing small pelagic species (families Engrau-
lidae and Clupeidae) known to fluctuate strongly with climate
(19) also did not change our results.

As we would expect, incidence of collapse was higher for species
that experienced greater relative fishing mortality (P = 1 x 1073,
22% of deviance explained among assessment data) and a longer
history of developed fisheries (P = 5 x 107, 5.8% of deviance
explained among landings data) (Figs. 2 F and G, and 3F).

Pinsky et al.

However, correcting for fisheries characteristics did not change
the relationships between collapse and life history (Fig. S4).

We also corrected for evolutionary relationships because phy-
logenetic history can reduce the independence of species-level data
(20). However, using phylogenetically independent contrasts only
revealed weaker relationships between life history and incidence of
collapse. These relationships reduced the discrepancy in model
results between assessment and landings data (Figs. S5 and S6).

Finally, we examined whether collapses last longer for certain
life histories. In the assessment data, collapses are longer (18.5y)
for long-lived species (lifespan > 44 y) than for short-lived spe-
cies (5.1, lifespan < 14y, P = 0.028). Other life history com-
parisons were not significant (P > 0.21).

Discussion

Small, short-lived species have what is sometimes called a “fast”
life-history strategy that is presumed to make them less vulner-
able to fisheries (6, 9). In contrast, our review of global fisheries
revealed that these fast species collapse just as often as species
with slower life histories. We found collapsed stocks in short-
lived species, such as summer flounder (Paralichthys dentatus)
and Spanish mackerel (Scomberomorus maculatus) and among
small, fast-growing species like capelin (Mallotus villosus) and
herring (Clupea harengus and Clupea pallasii). Species low in the
food chain had also collapsed, including winter flounder (Pseu-
dopleuronectes americanus) and chub mackerel (Scomber japo-
nicus). Although these collapses are well known to local fisher-
men and managers, the general prevalence of collapse among
these types of species has not been recognized.
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Our data suggest that species with fast life histories have at
least as high a probability (per stock) of declining to low abun-
dance as larger, slower species, which is dramatically different
from the pattern among terrestrial species (2, 3). Why might fast
species be more vulnerable in the ocean than we would expect?
One explanation may be that fisheries management often rec-
ommends higher exploitation rates for species with faster life
histories and greater productivity. For example, our assessment
database revealed that the fishing mortality predicted to supply
maximum sustainable yield (Fysy) for long-lived rockfishes
(Sebastes spp.) is 0.07 (average of 20 stocks), but Fygy for short-
lived skipjack tuna is 0.42 (average of three stocks). Managing
with these or similar reference points can thus equalize the im-
pact of fishing across species, a process with no widespread
equivalent on land. When fishing rate is correctly determined
relative to species’ biology, life history should not be an impor-
tant determinant of fish collapse.

This rationale may also explain differences between the as-
sessment and landings data. Many of the species in the landings
database are not managed with scientific stock assessments and,
presumably, fishing mortality is less closely matched to stock
productivity. Under such conditions, we might expect life history
to be more important for determining fisheries collapse and slow
species to collapse more often. In fact, collapses were slightly
more common among long-lived species in the landings database
(Fig. 34). Among the more closely managed stocks in the as-
sessment database, this trend was absent.

In addition, a fast life history may actually increase vulnera-
bility to collapse. Populations of short-lived species can grow or
decline quickly in response to climatic shifts (19), and a rapid
decline in productivity often requires similarly rapid reductions
in fishing effort (21). If fisheries management lags behind these
biophysical changes, a population can be driven to collapse (21,
22). The high harvest rates on many short-lived species also mean
that errors in setting harvest rates can have particularly severe
consequences. In addition, we note that environmental variability
alone can drive variation in fish abundance (19, 23), and when of
sufficiently large magnitude, this variation may be detected as
a collapse by our methods. Short-lived species may be particularly
sensitive to such environmental variability because of their fast
growth rates and short generation times (11). Long-lived species
respond more slowly to changes in climatic conditions because
they store more biomass in older age groups and are less de-
pendent on recent recruitment success (11).

Our findings contrast with previous studies suggesting that
population declines in marine species are correlated with large
size, late age of maturity, slow growth rate, and high trophic level
(7, 9, 24-28). However, previous analyses focused primarily on
the North Atlantic (9, 25, 28) or on bycatch and artisanally fished
species (24-27). The biased decline of large, high trophic-level
species appears to be a unique pattern of the North Atlantic that
does not apply globally (29, 30). Bycatch and artisanally fished
species are less likely to appear in the stock assessments or global
landings that we analyzed. The adjustment of fishing pressure as
a function of species’ productivity, as explained above, is also
unlikely to occur for these weakly or unmanaged species. In
addition, the small proportion of marine fishes that have been
assessed under the World Conservation Union’s (IUCN’s) Red
List of Threatened Species (31) have tended to be larger species,
perhaps helping to explain why listed, threatened species tend to
be larger than unlisted species (7).

Although our article has focused on testing whether lifespan,
age of maturity, size, trophic level, growth rates, fecundity, and
offspring investment are useful predictors of fisheries collapse,
life histories are multifaceted strategies that include traits we
could not examine. However, many life-history traits among
fishes are strongly correlated, including body size, natural mor-
tality, size at maturity, and population growth rate at low

8320 | www.pnas.org/cgi/doi/10.1073/pnas.1015313108

abundance (10, 32-34). In addition, our use of multivariate
models allowed us to test whether combinations of traits might
be useful predictors of collapse. We note that life-history evo-
lution often reflects a complex adaptive response to the scales of
environmental variation (11, 35), and life histories often diverge
from a simple slow vs. fast dichotomy (11).

The high incidence of collapse that we uncover among small,
short-lived, low trophic-level species has important implications
for ecosystem structure and function, especially in “wasp-
waisted” ecosystems where a few species play a large role in
transferring food energy to higher trophic-level fishes, birds,
and marine mammals (36). For example, sandeels (Ammodytes
marinus) are targeted by the largest single-species fishery in the
North Sea, and declining sandeel abundance can cause severely
reduced breeding success in seabirds (37). Other studies suggest
similar sensitivity to a few small fish species across a range of
seabirds and pinnipeds (38-40). Even though short-lived species
may recover more quickly from collapse than other fishes (41),
collapses in small, low trophic-level species can last from years
to decades (17). These durations are long enough to have sub-
stantial impacts on the food web (37, 39, 40).

In summary, analysis of stock assessment and global landings
databases revealed that patterns of vulnerability in the ocean are
dramatically different from those on land, and that both small
and large fishes are vulnerable to collapse. A major driver of
differences between marine and terrestrial vulnerabilities may be
the importance of harvest versus habitat loss in these different
ecosystems. A halt to overfishing is needed across the full spec-
trum of life histories, not just for top predators, to reduce the
incidence of fishery collapses and to avoid the ecological, eco-
nomic, and social disruption that they cause.

Materials and Methods

Data Sources. We downloaded stock assessments on June 9, 2010 from the
RAM Legacy database (1). The database was compiled in 2009 and 2010 from
countries around the world, and assessments were the most current avail-
able at that time. In particular, we extracted time series of catch, model-
estimated biomass, and fishing mortality rates from 1950 to 2008. The final
year included in the time series was on average 2006 + 1.5 (SD) (range: 2000-
2008) and duration was on average 39.6 + 12.4 (SD) y (range: 10-59 y). We
also extracted reference points for Bysy and Fysy (the biomass and in-
stantaneous fishing mortality rate, respectively, which result in maximum
sustainable yield). We only used assessments for fishes (not invertebrates).

Our landings database contained statistics reported to the FAO of the
United Nations (downloaded from http://www.fao.org/fishery/statistics/
software/fishstat/en, December 2009). Only species-level records for fish with
cumulative landings > 1,000 tons were retained; invertebrates and records
for species groups (e.g., “Cods” or “Flatfishes") were removed. We removed
records with low cumulative catches to avoid minor and experimental fish-
eries, and results were similar when we only retained records with total
landings > 10,000 tons. Data were reported in one of 19 major statistical
areas, and one species in one area was considered a stock.

Fishery Collapses. Assessment data. For the assessments, we analyzed biomass
relative to Bysy. Stocks that fell below 20 or 50% of Bysy were defined as
collapsed or overfished, respectively. We also recorded the maximum de-
pletion as Byyn/ Busy, Where By is the minimum biomass in the time series.
The length of collapse was the maximum number of consecutive years that
a stock was below 20% of Bysy-

In cases where neither Bysy nor a proxy used in place of Bysy was
reported in the stock assessment, we followed (1) and estimated Bysy from
Schaefer surplus-production models fit to the assessment time series of an-
nual total biomass and total catch or landings. Surplus-production models
are commonly used in fisheries science and allow calculation of both carrying
capacity and maximum sustainable yield (1). Models were fit in AD Model
Builder (http://admb-project.org) assuming normally distributed errors. We
only used time series greater than 20 y. We used surplus-production models
to find reference points for 92 of 223 stocks.

To examine sensitivity to our choice of model form, we also fit a Fox
surplus-production model. Compared with the Schaefer model, the Fox
model assumes that Bysy is a smaller fraction of unfished biomass (37%
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instead of 50%). Only five stocks (2.2%) were reclassified using this ap-
proach, and in all cases this was from collapsed to not collapsed. This small
change did not affect our results.

Landings data. The choice of appropriate definitions for fisheries collapse in
landings data has been contentious because some apparent collapses may
result from stochasticity or changes in reporting, management, or fishing
practices rather than population status (42, 43). By focusing only on true
species (rather than species groups), we avoid false collapses that would
otherwise appear when reporting improves and species groups begin to be
reported as individual species. However, if management measures severely
restrict landings to allow rebuilding of an overfished stock, a stock’s landings
could appear collapsed even if biomass was overfished but not fully col-
lapsed. Changes in fleet capacity or fishing efficiency could also reduce
landings independently from changes to population abundance.

To avoid false detection of collapses in landings to the extent possible, we
evaluated a range of potential collapse definitions. For each definition, a
stock was defined as collapsed when annual landings fell below 10% of a
reference level for a specified window of time. The reference level was the
maximum annual landings averaged over 1 or 5y. Although 1y has been used
before (44), the 5-y average was used here to avoid false collapses triggered
by a single, spuriously high year of landings (43). As our time window, we
used either 1 (44), 2, or 4 consecutive years (45). We only looked for collapses
in the years following the maximum annual landings.

We tested the landings-based definitions against the stock assessments for
which we had both biomass and catch or landings data (n = 131). Taking the
assessment-based collapse definitions to be accurate, the 5-y reference/2-y
window collapse definition for landings data had a somewhat lower error
rate than the others and misclassified 24 stocks (18%). Of these, 14 collapsed
stocks were not detected by the landings definition, but 10 uncollapsed stocks
were falsely detected. Falsely detected collapses tended to be for species with
longer lifespans than those that we failed to detect (P=0.006). In comparison,
the lax 1-y maximum/1-y window collapse definition misclassified 28 stocks
(21%). Other combinations of threshold and time window produced in-
termediate numbers of misclassified stocks. Therefore, we used the 5-y
maximum/2-y window definition of collapse for landings data in our article.

Fisheries Characteristics. We defined fishery initiation as the year in which
landings reached 10% of the maximum annual landings within a stock.
Relative fishing mortality for a stock in the assessment database was defined
as the maximum instantaneous fishing mortality rate (maximum F) divided by
the fishing mortality predicted to produce maximum sustainable yield (Fysy).
Where Fypsy was not available, we estimated Fysy from a Schaefer surplus-
production model, as above (1). We used a 5-y running mean to average out
noise, producing maximum Fs_/Fysy. Both metrics were averaged across all
stocks within a species.

Life-History Traits. We extracted information on each species’ maximum total
length (centimeter), maximum weight (kilogram), lifespan (year), age of
maturity (year), trophic level, growth rate, fecundity (eggs per individual),
and parental investment in offspring from ref. 18. Growth rate was mea-
sured as the exponent (K) in the von Bertalanffy growth function (46).
Offspring investment was measured as egg diameter (millimeter). We sup-
plemented fecundity and egg diameter data with literature searches be-
cause sample size was initially low for these traits (Table S3). We used the
average if multiples values were available. For the one stock assessment
conducted on a species group (“Redfish species” on the Newfoundland-
Labrador Shelf), we averaged the life history characteristics for the two
species targeted by this fishery (Sebastes mentella and Sebastes fasciatus).

For comparison of collapse rates among species with opposing traits, we
compared the upper and lower quartiles for each trait. For example, we
defined top predators as species in the upper quartile of all trophic levels, and
low trophic-level species as those in the lowest quartile. Thresholds were
chosen independently for species in the assessment and landings databases,
and so are slightly different between the two.

We used log-transformed values for lifespan, age of maturity, weight,
length, growth rate, fecundity, and egg diameter. Because length and weight
are highly correlated (Pearson correlation: P < 0.0001, p = 0.89 on log-

1. Worm B, et al. (2009) Rebuilding global fisheries. Science 325:578-585.

2. Fisher DO, Owens IPF (2004) The comparative method in conservation biology. Trends
Ecol Evol 19:391-398.

3. Cardillo M, et al. (2005) Multiple causes of high extinction risk in large mammal
species. Science 309:1239-1241.

4. Myers RA, Worm B (2003) Rapid worldwide depletion of predatory fish communities.
Nature 423:280-283.
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transformed variables), we only report results for weight. We did not con-
sider reproductive lifespan (lifespan minus age of maturity) because it is
highly correlated to lifespan (Pearson correlation: P < 0.0001, p = 0.99 on log-
transformed variables). Other life-history traits remain somewhat correlated
(e.g., lifespan and growth rate or length and trophic level), but our con-
clusions do not depend on multiple regressions that would be affected by
this lack of independence.

Statistical Models. \We fit generalized linear models with binomial errors and
a logit link (47) to predict the probability of a stock collapsing within each
species (either assessment or landings data). In other words, the proportion
of stocks collapsed within each species i was assumed to follow a binomial
distribution with mean p,. The linear predictor of p; was

log(pi/(1 = pi)) = B1j + B2jXijs

where B, and p,; are the fitted coefficients for trait j, and x;; is the value of
trait j for species /. The traits (x) were life history or fisheries characteristics. The
binomial error model accounted for the fact that variance changes with the
number of stocks within each species. Fitting the models to species-level
(rather than stock-level) data avoided pseudo-replication of species. We used
the same format to fit models to the proportion of overfished stocks. For
maximum depletion in the assessment data, we used standard linear models.

Next, we evaluated models with all possible combinations of life history
variables:

log(pi/(1 = pi)) = BXi,

where B is a vector of parameters and x; a vector of life history traits for
species i. The models did not include interactions between variables because
of the large number of potential combinations. We only tested these models
on species for which we had complete life history data (n = 55 for assessment
data, n = 67 for landings). We evaluated all models within a model-choice
framework (48) and retained the minimal adequate models with an Akaike’s
Information Criterion within 2 of the lowest Akaike’s Information Criterion.
We also tested the specific hypothesis that species adapted to stable envi-
ronments, as indicated by low fecundity and high parental investment in
offspring (11), would be more vulnerable to fisheries collapse. We did this by
fitting a model with fecundity, egg diameter, and their interaction. In all cases,
we evaluated a model’s significance with a x° test comparing the reduction in
deviance between a null model (only the mean) and the focal model.

To test whether fishery characteristics affected our results, we used the
assessment data to build a generalized linear model for the proportion of
stocks collapsed as a function of relative fishing mortality. We then used
the model residuals in linear regressions that included each of the life-
history characteristics.

Phylogenetically Independent Contrasts. To correct for shared evolutionary
history among species, we fit linear regressions through the origin on phy-
logenetically independent contrasts generated with the Analyses of Phylo-
genetics and Evolution package (49) in R 2.12.1. We used a simple phylogeny
based upon the taxonomic classification of each species and equal branch
lengths. In all cases, the response variable was the proportion of stocks
collapsed within each species. This approach cannot account for differences
in variance driven by the number of stocks in each species.
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Fig. S1. Life-history trends in the proportion of overfished stocks (Byin/Busy < 50%) from the assessment data. Compare with Fig. 2. Life history characteristics
include (A) lifespan (P = 0.064, n = 97), (B) age of maturity (P = 0.0095, n = 96), (C) maximum weight (P = 0.27, n = 93), (D) trophic level (P = 0.0042, n = 120), (E)
growth rate (P = 0.010, n = 120), (F) fecundity (P = 0.47, n = 93), (G) investment in offspring (egg diameter, P = 0.22, n = 97), (H) year of fishery initiation (P =
0.084, n = 46), and (/) relative fishing mortality (P=4 x 1077, n = 99). All x axes are log-transformed except those for trophic level and fishery initiation. Each dot
represents one species. Dashed line is the best fit from a generalized linear model.
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Fig. S2. Life-history patterns with an alternative definition of collapse for landings data. For this figure, a stock is considered collapsed if it falls below 10% of
the maximum annual landings for a single year (our lax definition). Life history characteristics include (A) lifespan (P = 0.78, n = 206), (B) age of maturity (P =
0.087, n = 216), (C) maximum weight (P = 0.0020, n = 267), (D) trophic level (P = 0.23, n = 457), (E) growth rate (P = 0.025, n = 447), (F) fecundity (P=0.13, n =
172, (G) investment in offspring (egg diameter, P = 0.29, n = 155), and (H) year of fishery initiation (P = 3 x 1075, n = 208).
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Life history trends in the magnitude of decline (Bpmin/Bmsy). Small values represent a species that reached low abundance. Life history characteristics
include (A) lifespan (P = 0.22, n = 97), (B) age of maturity (P = 0.035, n = 96), (C) maximum weight (P = 0.24, n = 93), (D) trophic level (P =0.0016, n = 120), (E)
growth rate (P = 0.034, n = 120), (F) fecundity (P = 0.44, n = 93), (G) investment in offspring (egg diameter, P = 0.04, n = 97), (H) year of fishery initiation (P =
0.41, n = 46), and (/) relative fishing mortality (P =5 x 107'°, n = 99). Compare with Fig. 2. Each dot represents one species; y axes are log-transformed.
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Fig. S4. Correcting for relative fishing mortality has little impact on the sign of the relationship between collapse probability and life history traits (assessment
data). Life-history characteristics include (A) lifespan (P = 0.025, n = 83), (B) age of maturity (P = 0.82, n = 82), (C) maximum weight (P =0.21, n = 75), (D) trophic
level (P =0.45, n = 99), (E) growth rate (P =0.039, n = 99), (F) fecundity (P =0.89, n = 77), and (G) investment in offspring (egg diameter, P=0.43, n =78). The y
axes represent the residuals from a generalized linear model that predicted the proportion of stocks collapsed from relative fishing mortality. Positive values
on the y axes represent species that are more collapsed than expected from fishery characteristics.
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Fig. S5. Correcting for phylogeny with the assessment data also suggests that incidence of collapse does not increase with life-history traits, but does increase
when overfishing occurs. The y axes are phylogenetically independent contrasts on the proportion of stocks collapsed. The x axes are contrasts on life-history
traits, including (A) lifespan (P = 0.37, n = 96), (B) age of maturity (P = 0.64, n = 95), (C) maximum weight (P = 0.60, n = 92), (D) trophic level (P=0.90, n = 119), (E)
growth rate (P = 0.88, n = 119), (F) fecundity (P = 0.55, n = 92), (G) investment in offspring (egg diameter, P = 0.60, n = 96), (H) year of fishery initiation (P = 0.59,
n = 45), and (/) relative fishing mortality (P = 1.2 x 107>, n = 98). The dashed line is the best fit from a linear regression through the origin.

Pinsky et al. www.pnas.org/cgi/content/short/1015313108 50f 6


www.pnas.org/cgi/content/short/1015313108

a) c)_
% -~
©
= ©
5 S
© o
B =
(%]
Q.
=
o o
O -
-I' 1
‘ -15 -05 05 15 2 -1 0 1 2
" Longevity contrast
[ )
~ d) f
E —
€
8
2 3
(%]
Q.
= o
© <
O |
T T T T
-15 -05 05 15 -2 -1 0 1
Trophic contrast Growth rate contrast Fecundity contrast
9) 4 5 h)
S - 0
8 © 9
T o o
O o
[}
Q.
8
© o
7 T
-15 -05 05 -40 -20 0 20 40
Egg diam. contrast Initiation contrast

Fig. S6. Correcting for phylogeny with the landings data also suggests that incidence of collapse does not increase with life history traits. The y axes are
phylogenetically independent contrasts on the proportion of stocks collapsed. The x axes are contrasts on life-history traits, including (A) lifespan (P=0.098, n =
205), (B) age of maturity (P =0.36, n = 215), (C) maximum weight (P = 0.099, n = 266), (D) trophic level (P=0.12, n = 456), (E) growth rate (P=0.041, n = 446), (F)
fecundity (P = 1.0, n = 171), (G) investment in offspring (egg diameter, P = 0.50, n = 154), and (H) year of fishery initiation (P = 0.13, n = 207). The dashed line is
the best fit from a linear regression through the origin.
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Table S1. Species with stocks that had collapsed a) according to stock assessments
(<20% of B,;sy) and b) in the landings database (< 10% of the average of the five highest
years of landings, for at least two consecutive years). The species have been sorted by

family.

a)
Species Family Number of | Proportion of

stocks stocks collapsed

Trachurus murphyi Carangidae 1 1
Clupea harengus harengus Clupeidae 10 04
Clupea pallasii pallasii Clupeidae 5 1
Sardinops sagax Clupeidae 2
Scorpaenichthys marmoratus Cottidae 2 0.5
Gadus macrocephalus Gadidae 4 0.5
Gadus morhua Gadidae 17 0.59
Melanogrammus aeglefinus Gadidae 8 0.38
Pollachius virens Gadidae 4 0.25
Rexea solandri Gempylidae 2 0.5
Lutjanus campechanus Lutjanidae 1 1
Merluccius hubbsi Merlucciidae 2 0.5
Mallotus villosus Osmeridae 2 0.5
Paralichthys dentatus Paralichthyidae 1 1
Hippoglossoides elassodon Pleuronectidae 2 0.5
Hippoglossoides platessoides Pleuronectidae 2 0.5
Lepidopsetta polyxystra Pleuronectidae 1 1
Limanda aspera Pleuronectidae 1 1
Limanda ferruginea Pleuronectidae 4 1
Pseudopleuronectes americanus Pleuronectidae 3 0.67
Reinhardtius hippoglossoides Pleuronectidae 3 0.33
Cynoscion regalis Sciaenidae 1 1
Scomber japonicus Scombridae 1 1
Scomberomorus maculatus Scombridae 1 1
Sebastes alutus Sebastidae 3 0.33
Sebastes levis Sebastidae 1 1
Sebastes paucispinis Sebastidae 1 1
Epinephelus niveatus Serranidae 1 1




b)

Number of | Proportion of

Species Family stocks stocks collapsed
Albula vulpes Albulidae 1 1
Anoplopoma fimbria Anoplopomatidae 3 0.33
Ariomma indica Ariommatidae 1 1
Caranx crysos Carangidae 2 0.5
Caranx hippos Carangidae 3 0.33
Decapterus russelli Carangidae 3 0.33
Gnathanodon speciosus Carangidae 1 1
Megalaspis cordyla Carangidae 4 0.25
Seriola lalandi Carangidae 3 0.33
Trachinotus carolinus Carangidae 1 1
Trachurus declivis Carangidae 2 0.5
Trachurus japonicus Carangidae 2 0.5
Trachurus lathami Carangidae 1 1
Trachurus symmetricus Carangidae 2 1
Nemadactylus bergi Cheilodactylidae 1 1
Chirocentrus dorab Chirocentridae 4 0.5
Alosa pseudoharengus Clupeidae 2 0.5
Alosa sapidissima Clupeidae 4 0.75
Brevoortia aurea Clupeidae 1 1
Brevoortia pectinata Clupeidae 1 1
Brevoortia tyrannus Clupeidae 2 0.5
Clupea pallasii pallasii Clupeidae 3 0.33
Clupeonella cultriventris Clupeidae 1 1
Dussumieria elopsoides Clupeidae 1 1
Etrumeus teres Clupeidae 3 0.33
Opisthonema oglinum Clupeidae 3 0.67
Sardinella zunasi Clupeidae 1 1
Sardinops sagax Clupeidae 7 043
Spratelloides gracilis Clupeidae 2 0.5
Sprattus fuegensis Clupeidae 1 1
Tenualosa ilisha Clupeidae 2 0.5
Coryphaena hippurus Coryphaenidae 9 0.11
Cyclopterus lumpus Cyclopteridae 1 1
Eleginops maclovinus Eleginopidae 2 1
Elops saurus Elopidae 3 0.33




Cetengraulis edentulus Engraulidae 1 1
Engraulis mordax Engraulidae 2 0.5
Engraulis ringens Engraulidae 1 1
Gadus morhua Gadidae 1 1
Gadus ogac Gadidae 1 1
Melanogrammus aeglefinus Gadidae 1 1
Microgadus tomcod Gadidae 1 1
Thyrsites atun Gempylidae 4 0.5
Conodon nobilis Haemulidae 1 1
Orthopristis chrysoptera Haemulidae 1 1
Ophiodon elongatus Hexagrammidae 2 0.5
Hypoptychus dybowskii Hypoptychidae 1 1
Istiophorus platypterus Istiophoridae 7 0.86
Makaira indica Istiophoridae 5 0.8
Makaira nigricans Istiophoridae 11 0.55
Tetrapturus albidus Istiophoridae 4 0.75
Tetrapturus audax Istiophoridae 7 0.71
Lamna nasus Lamnidae 2 0.5
Lates calcarifer Latidae 4 0.25
Lutjanus argentiventris Lutjanidae 2 0.5
Lutjanus purpureus Lutjanidae 2 0.5
Coryphaenoides rupestris Macrouridae 1 1
Macrourus berglax Macrouridae 1 1
Lopholatilus chamaeleonticeps Malacanthidae 2 1
Megalops atlanticus Megalopidae 2 0.5
Megalops cyprinoides Megalopidae 1 1
Mene maculata Menidae 2 0.5
Merluccius bilinearis Merlucciidae 1 1
Merluccius productus Merlucciidae 2 0.5
Stephanolepis cirrhifer Monacanthidae 1 1
Salilota australis Moridae 2 0.5
Morone saxatilis Moronidae 2 1
Joturus pichardi Mugilidae 2 0.5
Valamugil seheli Mugilidae 1 1
Dissostichus eleginoides Nototheniidae 5 0.2
Patagonotothen brevicauda Nototheniidae 1 1
Patagonotothen ramsayi Nototheniidae 1 1
Genypterus chilensis Ophidiidae 1 1




Hypomesus pretiosus Osmeridae 1 1
Mallotus villosus Osmeridae 2 1
Thaleichthys pacificus Osmeridae 1 1
Paralichthys dentatus Paralichthyidae 2 0.5
Pseudopentaceros richardsoni Pentacerotidae 1 1
Urophycis chuss Phycidae 1 1
Prolatilus jugularis Pinguipedidae 1 |
Atheresthes stomias Pleuronectidae 2 0.5
Glyptocephalus cynoglossus Pleuronectidae 1 1
Hippoglossoides elassodon Pleuronectidae 2 1
Hippoglossoides platessoides Pleuronectidae 1 1
Hippoglossus hippoglossus Pleuronectidae 1 1
Hippoglossus stenolepis Pleuronectidae 2 0.5
Lepidopsetta bilineata Pleuronectidae 2 0.5
Limanda aspera Pleuronectidae 2 0.5
Limanda ferruginea Pleuronectidae 1 1
Pleuronectes quadrituberculatus | Pleuronectidae 2 0.5
Reinhardtius hippoglossoides Pleuronectidae 3 0.33
Eleutheronema tetradactylum Polynemidae 3 0.67
Polyprion americanus Polyprionidae 3 0.33
Polyprion oxygeneios Polyprionidae 2 0.5
Stereolepis gigas Polyprionidae 1 1
Pomatomus saltatrix Pomatomidae 10 0.1
Rhinobatos percellens Rhinobatidae 1 1
Rhinobatos planiceps Rhinobatidae 1 1
Oncorhynchus kisutch Salmonidae 3 0.67
Oncorhynchus tshawytscha Salmonidae 3 0.33
Salmo salar Salmonidae 1 1
Salvelinus alpinus alpinus Salmonidae 1 1
Argyrosomus hololepidotus Sciaenidae 5 0.2
Argyrosomus regius Sciaenidae 3 0.33
Atractoscion aequidens Sciaenidae 1 1
Atractoscion nobilis Sciaenidae 1 1
Atrobucca nibe Sciaenidae 1 1
Cynoscion regalis Sciaenidae 2 1
Genyonemus lineatus Sciaenidae 1 1
Menticirrhus littoralis Sciaenidae 1 |
Menticirrhus saxatilis Sciaenidae 1 1




Micropogonias undulatus Sciaenidae 2 0.5
Paralonchurus peruanus Sciaenidae 1 1
Pogonias cromis Sciaenidae 3 0.67
Sciaenops ocellatus Sciaenidae 1 1
Totoaba macdonaldi Sciaenidae 1 1
Umbrina canosai Sciaenidae 1 1
Acanthocybium solandri Scombridae 6 0.17
Euthynnus affinis Scombridae 4 0.25
Euthynnus lineatus Scombridae 2 0.5
Katsuwonus pelamis Scombridae 13 0.31
Sarda chiliensis chiliensis Scombridae 2 1
Sarda sarda Scombridae 6 0.17
Scomber japonicus Scombridae 11 0.09
Scomber scombrus Scombridae 2 0.5
Scomberomorus cavalla Scombridae 3 0.67
Scomberomorus guttatus Scombridae 4 0.25
Thunnus alalunga Scombridae 14 0.29
Thunnus albacares Scombridae 13 0.23
Thunnus maccoyii Scombridae 6 0.83
Thunnus obesus Scombridae 12 042
Thunnus orientalis Scombridae 3 0.67
Thunnus thynnus Scombridae 5 0.6
Thunnus tonggol Scombridae 4 0.25
Lepidorhombus whiffiagonis Scophthalmidae 1 1
Scophthalmus aquosus Scophthalmidae 1 1
Sebastes alutus Sebastidae 3 1
Sebastes entomelas Sebastidae 2 1
Sebastes goodei Sebastidae 1 1
Sebastes mentella Sebastidae 1 1
Sebastes paucispinis Sebastidae 1 1
Sebastes pinniger Sebastidae 1 1
Epinephelus analogus Serranidae 1 1
Epinephelus morio Serranidae 2 1
Mycteroperca xenarcha Serranidae 1 1
Argyrops spinifer Sparidae 1 1
Pagellus bellottii Sparidae 2 0.5
Pagrus pagrus Sparidae 2 0.5
Stenotomus chrysops Sparidae 1 1




Pampus argenteus Stromateidae 4 0.25
Peprilus paru Stromateidae 2 0.5
Peprilus triacanthus Stromateidae 2 0.5
Saurida undosquamis Synodontidae 2 0.5
Sphoeroides maculatus Tetraodontidae 1 1

Galeorhinus galeus Triakidae 3 0.33
Chelidonichthys capensis Triglidae 1 1

Chelidonichthys kumu Triglidae 3 0.33
Xiphias gladius Xiphiidae 14 0.14
Zeus faber Zeidae 5 04
Zoarces americanus Zoarcidae 1 1
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Table S2. Parameters for models predicting the proportion of stocks collapsed within each species. a) Single-variable
regressions with Generalized Linear Models (GLMs) for stock assessment species, b) single-variable GLMs for species with

landings data, ¢) minimal adequate models from multiple regressions with stock assessment species, d) minimal adequate

models from multiple regressions for species with landings data. Confidence Intervals (ClIs) for single-variable GLMs refer to

the coefficient. The Log column indicates whether the explanatory variable has been log-transformed. Minimal adequate

models were chosen as those with the lowest AIC (AAIC < 2) from among all possible GLMs without interactions.

a) Life History Trait n | Intercept | Coefficient 91;(()7:%51 92[‘2)31 Deljiuallllce g:‘slig::zl p Log
Longevity (yr) 97 0.24 -041 -0.92 0.068 139.51 136.69 0.10 *
Age of maturity (yr) 96 -1.1 -0.03 -0.63 0.56 130.7 130.69 0.92 *
Length (cm) 120 -0.17 -0.23 -0.75 0.28 157 156.25 0.39 *
Weight (kg) 93 -0.12 -0.1 -0.28 0.074 137.68 136.41 0.26 *
Trophic level 120 0.32 -04 -0.96 0.15 157 154.97 0.15
Growth rate (K) 120 | -0.0047 0.71 0.13 1.3 157 151.28 0.019 *
Fecundity (eggs) 93 -14 0.025 -0.14 0.2 134.07 133.98 0.77 *
Egg diameter (mm) 97 -1.2 -0.0047 -0.82 0.72 134 .46 134.46 0.99 *
Fishery Initiation (yr) 46 60 -0.031 -0.083 0.015 67.54 65.83 0.20
Relative Fishing Mortality | 99 24 1.6 0.94 24 128.17 99.7 1.2x107 *




10

11
12

Lower

Upper

Null

Residual

b) Life History Trait n | Intercept | Coefficient 95% CI | 95% CI | Deviance | Deviance )4 Log
Longevity (yr) 206 -1.9 0.33 0.073 0.59 318.88 312.54 0.012 *
Age of maturity (yr) 216 -14 0.3 0.021 0.57 302.91 298.46 0.036 *
Length (cm) 457 20 0.19 0.0047 0.37 616.05 612.01 0.045 *
Weight (kg) 267 2.0 0.11 0.022 0.19 390.13 383.98 0.014 *
Trophic level 457 -1.7 0.16 -0.093 043 616.05 614.5 0.22

Growth rate (K) 447 -14 -0.22 -0.43 -0.0034 603 .48 599.51 0.048 *
Fecundity (eggs) 172 -1.7 0.05 -0.029 0.14 243.22 241.73 0.23 *
Egg diameter (mm) 155 -0.79 -0.12 -0.52 0.25 249.64 249.23 0.52 *
Fishery Initiation (yr) 208 69 -0.035 -0.053 -0.019 312.24 29407 | 5.4x107




12

13
14

c) log log log Trophic log log log Egg Residual Yo
Intercept | Longevity | Maturity | Weight | level Growth Fecundity | Diameter Deviance Deviance AIC p
Rate (Null =96.9)
0.71 0.99 89.6 7.50% | 11493 | 0.05
0.33 0.67 1.3 87.8 9.40% | 115.11 | 0.063
0.83 1.2 0.79 88 9.20% | 11532 | 0.057
2.1 -0.46 0.73 88.1 9.10% | 115.41 | 0.039
2.1 -0.45 091 0.76 86.6 11% 11592 | 0.1
0.49 0.6 1.5 0.67 86.7 11% 115.95 | 0.081
3.9 -0.58 -0.8 88.7 8.50% | 116.03 | 0.031
0.96 -0.8 1.1 0.21 1.2 84.8 12% 116.08 | 0.032
1.5 0.57 -0.38 1.1 86.9 10% 116.17 | 0.086
2.1 -0.78 91.1 6% 116.43 | 0.037
0.056 0.69 -0.76 1.5 0.25 1.1 83.3 14% 116.57 | 0.046
4.5 -0.74 -0.87 0.7 874 9.80% | 116.72 | 0.093
14 -0.65 0.81 0.11 87.5 9.70% | 116.76 | 0.077
0.92 -0.034 0.93 89.5 7.60% | 116.84 | 0.064
-0.34 0.75 1.5 0.059 87.6 9.60% | 116.88 | 0.093
0.59 0.059 89.6 750% | 11691 | 0.082
0.64 0.007 89.6 7.50% | 116.92 | 0.062




14

15
16

. log Residual
Inte(:‘)cept LOI:(g)gvity Malt(:lgrity Wle(;ght T;:‘?:;lc Growth Fec:fngdity l;(i)agnigtgr Deviance Dev?;nce AIC p
Rate (Null = 107.7)

-0.41 0.45 0.23 -0.81 994 7.70% 145.8 0.2
-0.011 0.19 -0.83 -0.41 100.2 7% 146.58 | 0.15
-1.3 0.39 104 4 3.10% 146.8 0.14
0.53 -0.32 0.72 0.24 -0.93 98.7 840% | 14707 | 0.15
-14 -0.36 104.9 2.60% | 147.28 0.6
0.0042 -0.39 -0.44 102.9 450% | 147.28 | 0.31
-0.48 0.5 0.23 -0.79 -0.11 99.2 790% | 147.62 | 0.27
-0.35 0.35 0.22 -0.82 -0.14 99.2 7.90% | 147.63 0.2
-0.69 047 0.22 -0.79 0.028 99.3 7.80% | 147.67 | 0.099
0.26 0.2 -0.77 1034 4% 147.78 0.1




Table S3. Additional sources consulted for data on a) egg diameter and b) fecundity.

a)

Blood, DM, AC Matarese, and MS Busby. 2007. Spawning, egg
Atheresthes development, and early life history dynamics of arrowtooth flounder
stomids (Atheresthes stomias) in the Gulf of Alaska. U.S. Dept. of

Commerce. National Marine Fisheries Service Professional Paper
NMES 7.

Balistes capriscus

Simmons, CM. 2008. Gray triggerfish, Balistes capriscus,
reproductive behavior, early life history, and competitive interactions
between red snapper, Lutjanus campechanus, in the

northern Gulf of Mexico. Auburn University, Ph.D. dissertation.

Hettler, WF. 1984. Description of eggs, larvae, and early juveniles of

Brevoortia Gulf menhaden, Brevoortia patronus, and comparisons with Atlantic

patronus menhaden, B. tyrannus, and yellowfin menhaden, B. smithi. Fishery
Bulletin 82(1): 85-95.

Dissostichus Kock, K-H and A Kellerman. 1991. Reproduction in Antarctic

mawsoni notothenioid fish. Antarctic Science 3(2): 125-150.

Engraulis anchoita

de Ciechomski, JD. 1973. The size of the eggs of the Argentine
anchovy, Engraulis anchoita (Hubbs & Marini) in relation to the

season of the year and to the area of spawning. J Fish Biol 5: 393-
398.

Eopsetta jordani

Pearcy, WG, MJ Hosie, and SL Richardson. 1977. Distribution and
duration of pelagic life of larvae of Dover sole, Microstomus
pacificus; Rex sole, Glyptocephalus zachirus; and Petrale sole,
Eopsetta jordani, in waters off Oregon. Fishery Bulletin 75(1): 173-
183.

King, JR and GA McFarlane. 2003. Marine fish life history
strategies: applications to fishery management. Fisheries
Management and Ecology 10(4): 249-264.

Epinephelus morio

Colin, PL, CC Koenig, and WA Laroche. 1996 in Biology, fisheries
and culture of trophical groupers and snappers, eds Arreguin-
Sanchez, F, JL. Munro, MC Balgos, and D Pauly (ICLARM, Makati
City, Philippines), pp 399-414.
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Graham, DH. 1939. Breeding habits of the fishes of Otago Harbour
and adjacent seas. Transactions and Proceedings of the Royal
Society of New Zealand 69: 361-372.




Brownell, CL. 1979. Stages in the early development of 40 marine

Genypterus fish species with pelagic eggs from the Cape of Good Hope.

capensis Ichthyological Bulletin of the J. L. B. Smith Institute of Ichthyology
40: 1-84.
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Glyptocephalus e .
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Ahlstrom, EH, K Amaoka, DA Hensley, HG Moser, and BY Sumida.
1984 in Ontogeny and Systematics of Fishes, ed Moser, HG
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