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ABSTRACT

The vulnerability of a species is a combination of its degree of exposure to extrinsic threats, such
as fishing, and of its intrinsic sensitivity to the threatening process. While there is broadening
support for the idea that life histories and demography relate to measures of vulnerability
including decline, extinction risk and population collapse, the efficacy of different traits to predict
vulnerability varies greatly. This study, first reviews current understanding of the life history
traits that have been identified as useful biological correlates of vulnerability in marine fishes.
Second, potential life history correlates of vulnerability for scombrid species (tunas and
mackerels) are identified. We found that age at maturity is the most consistent and reliable
biological correlate of species intrinsic sensitivity, suggesting that this variable might be the most
reliable predictor of species maximum per-capita growth rates (r, ). While maximum body size
is the most reliable correlate of species vulnerability to fishing, suggesting that it might be the
most reliable predictor of species declines, recoveries and threat status in marine fishes. The
review also confirms, contrary to a widely-held perception, that fecundity is not a predictor of
either species sensitivity or vulnerability to fishing, suggesting that the production of large
number of eggs does not protect marine fishes from extinction risk. Moreover, we found that
longevity is the best predictor of population rates and extent of declines in adult biomass in
scombrid species. The longest-lived scombrid populations, rather than the largest, appear to have
experienced the fastest rates of decline and the greatest extent of decline in adult biomass over
the last 50 years. Identifying and quantifying the relative importance of biological and ecological
correlates of vulnerability in fishes continues to be a challenge and is poorly understood.
Understanding the intrinsic biology of species vulnerability and extinction risk appears crucial to
build tools to predict species responses to fishing and their risk of depletion or extinction.
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1. INTRODUCTION

The number of exploited fish species far exceeds the number of existing stock assessments
available to guide scientific decision-making. Stock assessments are data intensive and it is unlikely
that there will ever be sufficient information to develop quantitative stock assessments for all
exploited species. Therefore, a key challenge is to develop methods for informing management
over the large majority of stocks for which there is simply not enough data with which to develop
traditional data-hungry stock assessments (Dulvy et al., 2004; Pardo et al., 2012). One way to
approach this challenge has been to identify potential biological and ecological correlates of species
vulnerabilities to extrinsic threats such as population trajectory, threat status or extinction risk
(Jennings et al., 1998; Dulvy et al., 2004; Reynolds et al., 2005a; Pardo et al., 2012) which are
useful to predict the species capacity to respond to fishing. The vulnerability of a species is a
combination of its degree of exposure to extrinsic threats, such as fishing and habitat destruction,
and its intrinsic sensitivity to the threatening process (Dulvy et al., 2004; Reynolds et al., 2005a).
The intrinsic sensitivity of a species to external threats is determined by species characteristics,
such as life history and ecology traits, which underlie the productivity of the species and their
capacity to recover from known threats (Hutchings et al., 2012). In marine systems, overfishing
is the leading primary threat to extinction in marine fishes (Reynolds et al., 2005a). For example,
highly vulnerable species to fishing would have sensitive life histories prone to low productivity
and recovery rates that are also exposed to levels of fishing mortality greater than can be sustained
by the species. There may be a real opportunity to rank species vulnerabilities, by using intrinsic
traits combined with a measure of possible exposure to a threatening process and this is the basis
for ecological risk assessment frameworks (Hobday et al., 2011). This information could be used
to identify and select sensitive species to prioritize management and efforts to protect and recover
the most threatened species.

Beverton and Holt (1959) recognized long ago that understanding the range of life histories across
environments can be profoundly useful for assessing fish populations. The intrinsic characteristics
of a species, for example its life history, are critical to understand how species respond to
anthropogenic threats such as fishing and recover from depletion (Hutchings, 2002; Dulvy et al.,
2004). Generally, species with life history strategies characterized by high rates of growth and
high natural mortality, early age at maturity and short life span are generally able to sustain higher
fishing mortality rates. On the other hand, species characterized by slow growth, late maturity,
short spawning period and long life are more sensitive to fishing and may only sustain lower rates
of fishing mortality (Adams, 1980; Roff, 1984). While the broad theory has been understood for
decades, it is only recently that sufficient comparative population trends and life history data have
become available to allow empirical testing (e.g. Reynolds et al., 2005a). With the objective of
identifying biological correlates of species vulnerability to fishing, empirical testing has proceeded
on two fronts: linking life histories to demography, particularly maximum per capita population
growthrates r, _(e.g. Denney et al., 2002; Garcia et al., 2008; Hutchings et al., 2012), and linking
life histories to population status, usually measured as trends in population trajectories, threat
status, extinction risk or probability of collapse while controlling for exposure to fishing (e.g.
Jennings etal., 1998; Jennings et al., 1999b; Anderson et al., 2011; Pinsky et al., 2011). The metric
- maximum per capita populatlon growth rate r s a standard measurement of population
product1v1ty which summarizes many biological and ecological aspects of a species and depicts the
species intrinsic sensitivity to external threats (Musick, 1999). It is negatively associated with
extinction probability (Lande, 1993; Dulvy et al., 2004) and positively associated with the fishing
mortality necessary to drive a species to extinction (F, ) (Garcia et al., 2008). However, the
estimation of r, _requires detailed demographic information, typically lacking for the majority of
species. For these reasons, multiple empirical studies have attempted to quantify potential
correlation between r, and several life history traits of species in order to use the more easily
available life history information to identify species that have low r and therefore are more
sensitive to external threats and might face higher risk of extinction (Hutchings et al., 2012). On
the other hand, studies linking life histories to population status, while controlling for fishing
exposure, provide the quantitative basis to develop tools for predicting species responses to fishing,
their threat status and probability of extinction in data-poor situations (Jennings et al., 1998;
Anderson et al., 2011; Pardo et al., 2012).
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While there is broadening support for the idea that life histories and demography relate to measures
of vulnerability including, decline, extinction risk and population collapse, the efficacy of different
traits to predict vulnerability varies greatly. For example, Jennings et al. (1998) showed that after
accounting for differences in fishing mortality (exposure), fish populations in the Northeast Atlantic
characterized by large body size and late maturity showed faster rates of population decline than
smaller-bodied species. Yet, other life history traits such as fecundity and von Bertalanffy growth
rate did not correlate with population declines. The spatial variation in tropical reef fish species
abundance along a fishing pressure gradient further supported that maximum body size is a strong
correlate of species responses to exploitation (Jennings et al., 1999b). In contrast, other studies
found maximum body size (or maximum body weight) to be uncorrelated or weakly correlated to
population status, measured either as abundance trends (Russ and Alcala, 1998), national threat
status (Anderson et al., 2011) or proportion of stocks collapsed within species (Pinsky et al., 2011)
while controlling for the exposure to fisheries. Although multiple life history traits have been
identified as potential biological correlates of vulnerability to fishing in marine fishes, their wide
use and general applicability as predictors of vulnerability continues to be a challenge given the
different type of methods and data, and the diverse taxonomic and spatial scopes used in the
analyses (Anderson et al., 2011).

This study has two aims. First, we conduct a literature review to summarize current understanding
of the life history traits that have been identified as useful biological correlates of vulnerability in
marine fishes. Second, we identify potential life history correlates of vulnerability for scombrid
species. Scombrids — commonly known as tunas, Spanish mackerels, bonitos and mackerels —
sustain some of the most important fisheries in the world and probably are among the best studied
group of marine fishes (Juan-Jorda et al., 2011; Juan-Jord4 et al., 2012). Thus, scombrids are both
rich in biological information and provide one of the longest, large-scale fisheries data set for
testing the role of intrinsic life histories in predicting species responses to fishing while accounting
for exposure to fishing mortality rates.

2. METHODOLOGY
2.1 Literature review of biological correlates

We assembled a wide range of published documents that examined the relationship between a
suite of life history traits and various measures of species vulnerability, in order to identify potential
biological correlates to predict population and species level responses to fishing, threat status, and
extinction risk. In graph and models we do not distinguish between population and species-level
responses. Given that the vulnerability of a species is a function of the species intrinsic sensitivity
and its exposure to those threats, we distinguished studies focusing on the links between life
histories and demography so as to identify potential life history correlates of species intrinsic
sensitivity versus those focusing on the links between life histories and population trajectories and
status. At the same time we controlled for exposure to fisheries in order to identify biological
correlates of vulnerability to fishing.

The 25 studies assembled exemplify the different metrics commonly used to depict species intrinsic
sensitivity and species vulnerability to fishing. Estimates of the maximum per-capita population
growth rates (r, ) derived from established methods (Myers and Fowlow, 1997; Hutchings et al.,
2012) is the most common measure used as a metric of species intrinsic sensitivity (Table 1).
Extinction fishing mortality (¥, . ) which is the fishing mortality required to bring a species to
extinction, is also used as a metric of species sensitivity since it is equivalent to r Moreover,
population trajectories of marine fishes quantified as declines, recoveries and collapses typify how
species respond to fishing and are common metrics of vulnerability (Table 2). Population declines
are commonly estimated as rates of change and extent of declines within a given time interval
(e.g. Jennings et al., 1998). However, definitions of population recovery and collapse are more data
— driven and study-specific. For example, Hutchings (2000) defined recovery as any increase in
population size after a 15-year decline (approximately equal to three generation spans for the
species studied) and Pinsky ef al. (2011) define a population collapse when biomass falls below
20% of the biomass that provides the long term maximum sustainable yield (B, ). Another
common vulnerability metric is the threat status according to IUCN Red List criteria.
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Table 1. Review of biological correlates of species intrinsic sensitivity.

Taxonomy Scale /T, Sensitivity metrics g otentiallitte LLiTE hlstf)ry cnr.r?l-«.:tes Ref.
or pop. history correlates of species sensitivity
Maximum generational
Teleost fishes Global 38 sp. growth rate for the Body mass No associated with body mass (Ginzburg ez al., 2010)
population (7
Maximum per capita . e
Teleost fishes Global 47 sp. population growth rate Fecundity, body mass, and Late age at maturity (Hutchings et al., 2012)
(Fma) age at maturity
. Maximum per capita .
Chondrichthyan Global 82 sp. population growth rate Fecundity, body Mass, and Large body size and late age at maturity (Hutchings et al., 2012)
fishes (o) age at maturity
Chondrichthyan . . . .
fishes (sharks Global 33 pop. Pqtentlal rate of population Body size, age at maturity Large body size and late age at maturity (Frisk et al., 2001)
increase (index of 7,,,,) and growth
and skates)
Chondrichthyan Annual population growth Body size, age at maturity, Late age at maturity and large "
fishes (sharks) Global 41 pop. rates (lambda) generation time generation time (Cortés, 2002)
Chondrichthyan Body size, size at maturity, Deep water habitat species (slower
fishes (sharks, 127 pop. o age at maturity, longevity, growth, later age at maturity and higher .
rays and Global 105 sp. Extinetion risk (Fevi) growth, litter size, interbirth longevity). Reproductive mode (Garcia et al., 2008)
chimaeras) interval, reproductive mode (matrotrophically viviparous)
Chondrichthyan Pacific 20 sp. Rcbounq potential at MSY Body size, ageat maturity, Late age at maturity, large maximum (Smith et al., 1998)
fishes (sharks) (index of r) maximum age age (weak)
Large size, late age at maturity, slow
growth and large fecundities (this is
NE Atl. Maximum rates of recruits Body size, age of maturity, because fecundity is correlated with y
Teleost fishes Ocean 63 pop- at low population size (alfa) growth and fecundity size). After removing the size effect on (Denney et al., 2002)
fecundity, fecundity was not
associated..
Adult production per adult " .
Teleost fishes NE Ad. 63 pop. at low population sizes (alfa Body size, age at mat.umy, Large size and slow growth (Denney et al., 2002)
Ocean . growth and fecundity
standardized)
. Maximum per capita
Teleost fishes Atlantic . . . )
(Atlantic cod) Ocean 20 pop. population growth rate Age at maturity Late maturity (Myers and Fowlow, 1997)

(rmar)

We examined all assembled studies to identify the most reliable and consistent biological correlates
of both species intrinsic sensitivity and species vulnerability to fishing. We also evaluated whether
life history correlates (a) differed between vulnerability and sensitivity metrics; (b) differed
between teleost and chondrichthyan fishes; and (c) were consistent across the several metrics of
vulnerability.

We ranked the life history traits in Figures 1-4 according to the three main axes of life history
variation described in fishes: size, speed and reproductive allocation (Rochet et al., 2000; Juan-
Jorda et al., 2012). Maximum body size, together with other size-related traits such as length at
maturity or maximum weight, governs the first axis of life history variation ranking species along
a small-large continuum of life histories. Time-related traits such as longevity, age at maturity and
growth rates underlie the second axis of a slow-fast continuum. Fecundity-related traits such as
fecundity at length at maturity and the rate of change of fecundity with size underlies the third
axis describing the schedule of reproductive allocation in fishes (Rochet ef al., 2000; Juan-Jorda
et al., 2012). Thus, traits in Figures 1-4 were ordered as follows: (1) the maximum per-capita
population growth rate (r, ), followed by (2) size-related traits [maximum size (L, ), maximum
body weight (W ) and length at maturity (L )], (3) time-related traits [longevity (T, ), age at
maturity (7)), von Bertalanffy growth rate (k), and generation time (G7)], and (4) reproductive
traits [fecundity, egg size and reproductive mode].
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Table 2. Review of biological correlates of species vulnerability to fishing.

Ecological and

. e 1. . N Potential N .
#ofsp. Vulnerability }’ote.ntlal Life history . Fisheries ecological and biogeographical
Taxonomy Scale g, metrics life history correlates of species exposure bi hical correlates of Ref.
pop- correlates vulnerability accounted logeographica species
correlates a6
vulnerability
Teleost and 12477 TUCN Red List Olden et .
chondrichthyan Global . Body size Large size Yes (Oldenetal,
sp. Categories 2007)
fishes
Habitat (demersal,
: Small range,
pelagic, reef- .
Lo environmental
), range,
Teleost fishes Global 386 sp. 1UeN Red. List Body size Large size Yes environmental (deep-water (Field et al., 2009)
Categories temperature H
species) and
(temperature, .
. habitat (reef-
tropical, deep- specics)
water) species
Habitat (demersal,
pelagic, reef-
~ . . . associated), range,
Chondrichthyan Global 227 sp. IUCN RCd. List Body size Large size Yes environmental Small range size (Field et al., 2009)
fishes Categories
temperature
(temperate, tropical,
deep-water)
Chondrichthyan . . . Latitudinal range (Dulvy and
fishes (skates) Global 230 sp. Locally extinct Body size Large size No and depth range None Reynolds, 2002)
Teleost and . . Late age at maturity . -
chondrichthyan Canada 34 sp. IUg;leR::;‘S[ BOd)];Z‘; er,‘ ta ge at and large body size Yes Lalgzd::hmgiiz(:mt, Deeper waters (A"dezrg(lj'l‘)d al,
fishes gories Y (weak effect) pthp
Demersal benthic
species seem more
Several taxonomic vulnerable to fishing
Population groups with different | exploitation. Pelagics
. ) trajectories life histories such as clupeids seem .
B . o Hutch: , 2
Teleost fishes Global 90 pop. (declines and (Demersal vs pelagic more resilient and No (Hutchings, 2000)
recoveries) clupeids vs other have better recovery
pelagics) rates than the rest of
the species or
families.
Demersal benthic
species seem more
Several taxonomic vulnerable to fishing
Poplation &0 e lpeids seom
Teleost fishes Global 90 pop.  trends (declines . P Yes (Hutchings, 2001)
. (Demersal vs pelagic more resilient and
and recoveries) .
clupeids vs other have better recovery
pelagics) rates than the rest of
the species or
families.
Longevity, age at
Population maturity, maximum -
Teleost fishes Global 122_458 trends weight, growth rate, Fast growing No Trophic level None (Pm;gle)’ ak,
P: (collapses) fecundity, egg
diameter
Longevity, age at
Population maturity, weight, . .
Teleost fishes Global 120-458 trends growth rate, F,a“ growing, long Yes Trophic level None (Pinsky et al.,
sp. B lived (weak effect) 2011)
(collapses) fecundity, egg
diameter
Body size, age at
Population 1;;221‘::1;‘);, garlol\;vrt]h l‘:l:fi Large size, late
NE Atl. 9sp., 18 trends v et maturity and lower (Jennings et al.,
Teleost fishes maturity, potential ? Yes
Ocean pop. (abundance . potential rates of 1998)
rate of population S
trends) . population increase
increase (a proxy of’
Tmax)
Population
trends . . (Jennings et al.,
Teleost fishes Fiji 33 sp. (abundance at Body size Large size Yes 1999b)
several sites)
Population
e ... Various trends (density o i o . (Russ and Alcala,
Teleost fishes Philippines families and biomass Body size Large size Yes 1998)
trends)
Body size, length and
age at maturity, Large size, larger and
Teleost and Population growth, average late maturity, slow Jennings ef al.
chondrichthyan North Sea 23 sp. trends (cpue annual fecundity, growing, lower Yes ¢ C"Tg"g;) b
fishes trends) potential rate of potential rates of
population increase (a population increase
Proxy of rua)
Population .
Chondrichthyan UK water: 7 trends B(‘)_d{ SllLi’ %;;m?h Laree siz v (Dulvy et al.,
fishes (skates) waters Sp- (abundance and ate, fength 0 arge size es 2000)
. R maturity
biomass trends)
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Figure 1. Most common life history correlates of (a) species vulnerability to fishing and (b) species intrinsic
sensitivity. Total number of studies assembled (x axis). Colors illustrate life history traits that have been strongly
associated with vulnerability and sensitivity metrics (dark green), weakly associated (light green), not
associated (dark red) and not included in the analyses (grey). Table 1 and 2 illustrate measures used as
sensitivity and vulnerability metrics. Maximum per-capita population growth rate (Rmax.proxy), maximum
body size (L), maximum body mass (W__ ), length at maturity (L), longevity (T, ), age at maturity (T ),
growth rate (K), generation time (GT), fecundity, egg size and reproductive mode.

max)

2.2 Biological correlates of vulnerability in scombrid species
2.2.1 Metrics of vulnerability

We compiled age-structured stock assessment models with more than 15 years of data for scombrid
species and populations globally, from which we extracted time series of adult biomass, fishing
mortality rates and standard biological reference points, B, /B, . andF _ /F . if available
from the assessments (Juan-Jorda et al., 2011). We ended up with stock assessments for 26
scombrids populations representing 11 species: 17 principal market tunas (7 species), five

mackerels (two species), and four Spanish mackerels (two species) (Table 3).

We used three metrics to describe the responses of scombrid populations to fishing over the last
50 years of exploitation. The first metric consisted in calculating the average annual rates of change
in adult biomass for each population. Most of the time, series of adult biomass showed non-linearity
and temporal autocorrelation. Therefore, we converted the raw time series of adult biomass of
each population to annual rates of change (r), r,= In(AB . /AB,), where AB; is the adult biomass
in year i. Such differencing or taking the ratios in log-space is a common method of removing
temporal autocorrelation from a time series (Shumway and Stoffer, 2006). Then, we estimated the
average annual rate of change in adult biomass across all years for each population, using a
generalized least-squares model of the form r, = b_ + e., where 1, is the dependent variable,
interpreted as the annual (i) rate of change in adult biomass; b, the intercept, is interpreted as the
average annual rate of change in adult biomass across all the years; and ¢, is the residual error. We
used maximum likelihood to fit all the generalized least-square models and we examined the
residuals of all the models, further correcting for temporal autocorrelation with AR1 and AR2
processes when necessary. The second metric consisted in estimating the total extent of decline in
adult biomass over the entire time period of exploitation for each population. We estimated the
extent of decline for each individual population as follows: (1 -exp(b -n))-100, where b_ is the

CIESM Workshop Monographs n°45 11
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Table 3. List of scombrid populations.

Ocean Taxonomic group Latin name Population common name
Atlantic Mackerels Scomber scombrus Atlantic mackerel, North East
Atlantic | Spanish mackerels = Scomberomorus cavalla King mackerel, Gulf of Mexico
Atlantic | Spanish mackerels | Scomberomorus cavalla King mackerel, U.S. Atlantic
Atlantic | Spanish mackerels = Scomberomorus maculatus Spanish mackerel, Gulf of Mexico
Atlantic | Spanish mackerels = Scomberomorus maculatus Spanish mackerel, U.S. Atlantic
Atlantic Tunas Thunnus alalunga Albacore tuna, North Atlantic
Atlantic Tunas Thunnus alalunga Albacore tuna, South Atlantic
Atlantic Tunas Thunnus thynnus Atlantic bluefin tuna, East
Atlantic Tunas Thunnus thynnus Atlantic bluefin tuna, West
Atlantic Tunas Thunnus obesus Bigeye tuna, Atlantic
Atlantic Tunas Thunnus albacares Yellowfin tuna, Atlantic

Indian Tunas Thunnus obesus Bigeye tuna, Indian

Indian Tunas Thunnus maccoyii Southern bluefin tuna

Indian Tunas Thunnus albacares Yellowfin tuna, Indian

Pacific Mackerels Scomber japonicus Chub mackerel, Chilean

Pacific Mackerels Scomber japonicus Chub mackerel, Japanese

Pacific Mackerels Scomber japonicus Chub mackerel, North East Pacific

Pacific Mackerels Scomber japonicus Chub mackerel, Tushima Current Pacific

Pacific Tunas Thunnus alalunga Albacore tuna, North Pacific

Pacific Tunas Thunnus alalunga Albacore tuna, South Pacific

Pacific Tunas Thunnus obesus Bigeye tuna, East Pacific

Pacific Tunas Thunnus obesus Bigeye tuna, West Pacific

Pacific Tunas Thunnus orientalis Pacific bluefin tuna

Pacific Tunas Katsuwonus pelamis Skipjack tuna, West Pacific

Pacific Tunas Thunnus albacares Yellowfin tuna, East Pacific

Pacific Tunas Thunnus albacares Yellowfin tuna, West Pacific

model estimated average annual rate of change for each individual population and n is the length
of the time series of each individual population. Finally, the third metric described the current
exploitation status of scombrids using the standard fisheries reference point, B /B, .. that
illustrates the current adult biomass relative to the adult biomass that would provide the maximum
sustainable yield. When B_ /B, ., <1, the population is considered overfished, while when
B, end iy = 1 the population is not overfished.
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Figure 2. Life history correlates of (a) species intrinsic sensitivity and (b) species vulnerability to fishing, in
teleost fishes, chondrichthyans fishes, and teleost and chondrichthyans fishes together. Total number of
studies assembled (x axis). Colors illustrate life history traits that have been strongly associated with
vulnerability and sensitivity metrics (dark green), weakly associated (light green), not associated (dark red)
and not included in the analyses (grey). Table 1 and 2 illustrate measures used as sensitivity and vulnerability
metrics. Maximum per-capita population growth rate (Rmax.proxy), maximum body size (L _, ), maximum
body mass (W__ ), length at maturity (L, ), longevity (T__.), age at maturity (T, ), growth rate (K), generation
time (GT), fecundity, egg size and reproductive mode.
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Figure 3. Life history correlates of species vulnerability to fishing illustrating the two main metrics of
vulnerability, population trajectories and threat status. Population trajectories of marine fishes quantified as
declines, recoveries and collapses typify how species respond to fishing, using metrics of vulnerability. Threat
status is commonly assigned according to IUCN Red List criteria Colors. Total number of studies assembled
(x axis). Colors illustrate life history traits that have been strongly associated with vulnerability and sensitivity
metrics (dark green), weakly associated (light green), not associated (dark red) and not included in the
analyses (grey). Table 1 and 2 illustrate measures used as sensitivity and vulnerability metrics. Maximum per-
capita population growth rate (Rmax.proxy), maximum body size (L, ), maximum body mass (W, __ ), length
at maturity (L), longevity (T __ ), age at maturity (T ), growth rate (K), generation time (GT), fecundity, egg size
and reproductive mode.

2.2.2 Potential biological correlates

We used the scombrid life history data set described by Juan-Jorda et al. (2012) from which we
extracted life-history data for the 26 populations of scombrids analyzed in this study. The life
history traits included were maximum body size (L, , cm), length and age at maturity (L, , cm
and T , years) longevity (T, , years), growth rates described with the growth coefficient k (1/year)
extracted from von Bertalanffy growth functions, generation time (GT7, years), fecundity (absolute
and relative batch fecundities), spawmng interval (Spw, , days) and spawning season (SPW ipsom
months). In order to describe fecundity in scombrids Wthh spawn repeatedly over the spawning
season, we used three measures: (1) the absolute batch fecundity at the length of maturity (F,
numbeB of oocytes at L, ) estimated by using the fecundity-length equation (Fecundity = a .
Length™) and length at maturity; (2) the exponent b of the fecundity—length relationship (or slope
of the log—log fecundity-length regression), which describes the increase of fecundity with size
(F,,p)> and (3) the relative batch fecundity (F, , number of oocytes per gram), which describes
reproductlve effort. Generation time (GT, years) deflned as the average age of the adult population,
was calculated for each population using the time series of abundance for each age class and the
vector of age of maturity available from each stock assessment. We report length-based estimates
as fork lengths throughout the study.

In order to aggregate the life history parameters from multiple studies at the population level, we
selected data for analysis based on the following rules: (a) we chose the maximum value for those
traits at the extreme of the life cycle (maximum length and empirical longevity); (b) we calculated
a sample-size weighted average for those reproductive traits within the lifecycle (maturity,
fecundity and spawning interval); and (c) for the growth coefficient K derived from von Bertalanffy
growth functions, we calculated a simple arithmetic mean (giving equal weight to all the studies),
because this parameter is more difficult to combine across studies due to the differing

1
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methodologies used to estimate age and growth among studies. In our life history analysis we
preferentially used the female estimates whenever the traits were reported separately for sexes.
Complete data were missing for some populations. Therefore, in order to maximize the number of
populations included in the analyses, we filled the missing information following two criteria: we
combined all available studies from the multiple populations and calculated a species average for
each life history trait; and we substituted the population’s missing traits using the species average
value of each trait.

2.2.3 Linking population responses to fishing and life histories

We first explored the association between all life history traits and the current exploitation status
of scombrid populations using frequency distributions of all the potential biological correlates of
exploitation status using beanplots (Kampstra, 2008). Second, we fitted linear regressions to test for
the relationship between the species responses to fishing and their life history traits, and to identify
what life history trait, or suites of life history correlates, are better predictors of fish responses. The
linear model can be expressedas: Y,=B +B X +...+B X, where Y, the dependent variable,

is the metric describing the responses of scombrld populatlons (i) to flshmg We used two metrics
(average annual rate of change in adult biomass and extent of decline in adult biomass) to describe
the species responses to fishing. Therefore, we repeated the following modeling approach for each
of the two response variables. In the linear model, B is an intercept, and B, through B, are the
coefficients of the independent variables X | . through X , The k covariates (hfe history tralts) used
to fit the models were selected based on the followmg Crlterla their potential importance based on
the literature review undertaken in this study; their collinearity with one another, and the data
coverage of each trait for each population. Thus, we excluded collinear life history traits that were
highly correlated (r > 0.9) with one another and traits with missing data. The vulnerability of a
species not only depends on the intrinsic characteristics of the species, such as their life histories
and ecology, it is also determined by their exposure to extrinsic threats such as fishing or habitat loss.
The magnitude and extent of these extrinsic threats also need to be taken into account to determine
the vulnerability of the species. Therefore, we included as a covariate a measure of fishing mortality
in the linear models, to account for the different rates of fishing mortality that populations have
been exposed during their history of exploitation. In the model, fishing mortality was expressed as
the average fishing mortality for the period over which abundance trends were calculated for each
population. In these analyses, we log-transformed (natural logarithm) all the life history traits prior
to the analysis to approximate normality, except the slope from the fecundity—length relationship
that was already estimated from log-transformed data.

For the purpose of our analysis, we only examined the relationship between negative average rates
of change in adult biomass and their respective extent of decline and the suite of life history traits;
thus excluding positive rates of change and positive extent of change in adult biomass. Among all
the scombrid populations, only four Spanish mackerels populations showed positive average
annual rates of change and a concomitant positive change in adult biomass. These populations
have been under a recovery and management plan for the last 30 years and currently their current

biomasses are considered recovered to target levels (B, ).

As a result, we constructed a set of candidate models reflecting particular a priori hypotheses to
identify the most important biological correlates of vulnerability for scombrids accounting for the
different levels of fishing mortality that populations have been exposed during their history of
exploitation. We fitted all the candidate models with the k potential covariates as main effects.
The models did not include interactions between variables because of the large number of potential
combinations and the small size of our data set. We evaluated all candidate models and generated
an average predictive model by ranking the models according to their Akaike’s Information
Criterion corrected for small sample sizes (AICs) (Burnham and Anderson, 2002). We retained
the minimal adequate models with AICs within four of the lowest values. The relative likelihoods
of candidate models were calculated using AIC weights (WAICc) (Burnham and Anderson, 2002).
We also assessed and reported the relative importance of each life history variable.

Data management, analysis and figures were all done using the R statistical software v.2.14.2 (R
Development Core Team, 2010), including the R packages “MuMIn” (Bart6n, 2009) and “ggplot2”
(Wickham, 2009).

CIESM Workshop Monographs n°45 122



MARINE EXTINCTIONS - PATTERNS AND PROCESSES - Valencia, Spain, 10 - 13 October 2012

3. RESULTS
3.1 Literature review of biological correlates

Table 1 and 2 provide a summary of the current understanding of biological correlates of species
intrinsic sensitivity and species vulnerability to fishing in marine fishes. We found that a total of
eight potential biological correlates have been tested against the main metrics of species intrinsic
sensitivity and eight potential biological correlates against the main metrics of species vulnerability
to fishing (Figure 1). Maximum body size and age at maturity have been the most commonly-
tested traits while the rest of the traits, particularly generation length or the reproductive mode of
the species, have been tested less often. Among all the traits, maximum body size and age of
maturity have been most frequently identified as useful biological correlates of both species
sensitivity and vulnerability. However, it appears that age at maturity is a better correlate of the
species sensitivity while maximum body size is a better correlate of species vulnerability to fishing
(Figure 1). Fecundity has never been identified as a useful biological correlate of species sensitivity
or species vulnerability to fishing. Moreover, there is surprisingly little evidence for the usefulness
of maximum weight, length at maturity, longevity, and von Bertalanffy growth rate as biological
correlates of sensitivity or vulnerability to fishing.

In both teleost and chrondrichthyan fishes, age at maturity remains the most reliable correlate of
species sensitivity, while maximum body size continues to be the most reliable correlate of species
vulnerability to fishing (Figure 2a). In addition, we find mixed evidence for the reliability of
maximum size and weight as reliable predictors of species intrinsic sensitivity in both teleost and
chrondrichthyan fishes (Figure 2b).

Maximum body size is the most consistent correlate of species vulnerability to fishing irrespective
of the metric used, such as decline rates, recovery rates, collapses or [IUCN threat status (Figure 3).
In addition, we also find that a large majority of studies linking species life histories with any of
the vulnerability metrics had controlled for the exposure of the species to fisheries (Figure 4).
Even after controlling for exposure to fisheries in the analyses, maximum body size remains the
most useful biological correlate of species vulnerability to fishing.
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Figure 4. Life history correlates of species vulnerability to fishing illustrating whether or not the fishing exposure
was controlled for in the analyses. Total number of studies assembled (x axis). Colors illustrate life history traits
that have been strongly associated with vulnerability and sensitivity metrics (dark green), weakly associated
(light green), not associated (dark red) and not included in the analyses (grey). Table 1 and 2 illustrate
measures used as sensitivity and vulnerability metrics. Maximum per-capita population growth rate
(Rmax.proxy), maximum body size (L), maximum body mass (W__ ), length at maturity (L), longevity (T,__),

max:

age at maturity (T ), growth rate (K), generation time (GT), fecundity, egg size and reproductive mode.
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3.2 Biological correlates of vulnerability in scombrid species
3.2.1 Rates of decline, extent of decline and exploitation status in scombrids

Most scombrid populations (21 out of 26 populations analyzed) have experienced negative average
annual rates of change with their corresponding extent of decline within their respective histories
of exploitation (Figure 5). In addition, there is a strong link between exploitation status and
population trajectory: the overfished populations exhibite the steepest and largest extent of declines
compared to not overfished populations, although there are some exceptions.
a b
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Figure 5. Scombrid population responses to fishing as metrics of vulnerability. (a) Average annual rate of
change in adult biomass (mean + 95% Cls) and (b) overall extent of decline or recovery in adult biomass for
each population estimated over the entire time span of the time series data. Full name of populations available
in Table 3. Colors depict whether populations are overfished (B, .., < By,sy» r€d), not overfished (B, .., > Bysy»
green) and current status unknown (black).

3.2.2 Life history correlates and current exploitation status

We explored the association between a suite of potential life history correlates of vulnerability and
the current exploitation status of scombrids with beanplots for visual comparative purposes
(Figure 6). We find that overfished populations tend to mature at larger sizes and later, be longer-
lived, have shorter spawning seasons, slower growth rates, and longer generation times than
populations that are not currently overfished. At this scale of analysis, there is no apparent
difference in maximum size between overfished and not overfished populations. We also find that
overfished populations have been exposed to lower average rates of fishing mortality than not
overfished populations. It might be that currently not overfished populations are made up of species
with lower intrinsic sensitivies.
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Figure 6. Beanplots of potential life history correlates of vulnerability in scombrid populations. Curve polygons
(beans) illustrate the estimated density of the distribution in the life history values for overfished (B, <
B,,sy» red) and not overfished (B, .., > B,,s,» grey) populations. The long vertical black line shows the median
of each distribution. The long vertical dashed black line shows the median for the data combined. The short
vertical white lines depict the populations for which data are available.

3.2.3 Biological correlates of responses of populations to fishing

In order to identify the most important biological correlates of vulnerability to fishing in scombrids,
we constructed a full model, which excluded variables that were highly correlated (r<0.9) and
variables that had missing information for most of the populations. Length at maturity and
fecundity at length of maturity were positively and highly correlated (r>0.9) with maximum body
size and were excluded therefore. The full model ended up including the following traits: maximum
body size, longevity, age at maturity, growth rate, generation time, and spawning duration. Average
fishing mortality was also included to control for the different mortality rates experience by each
populations over their history of exploitation.

Our analysis revealed support for more than one model for each of our vulnerability metrics
(between 3 and 7 models with A, < 4) (Table 4, left side). Therefore, we included all of the
candidate models into the averaged model for each vulnerability metric (Table 4, right side).
Among all the life history traits examined, longevity was consistently the most important correlate
(negatively so) of both rate and extent of decline in adult biomass (relative importance = 0.6 and
0.67, respectively). Long-lived populations have experienced the steepest declines and largest
extents of adult biomass. Generation time was also negatively correlated (although less importantly
so) with both rate of decline and extent of decline (relative importance = 0.3 and 0.13, respectively),
suggesting that populations with the largest generation time also experienced the steepest and
largest declines in adult biomass. In the models of rates of decline, our data also suggested a weak
positive correlation between decline rates and maximum size, indicating that large-bodied species
have experienced the slowest rates of decline. However, the correlate of maximum size should be
better interpreted in conjunction with longevity (see in Table 4.a the model with the second highest
WisL +T ). This candidate model suggests that longer-lived populations, even after accounting
for their larger maximum sizes, have experienced the steepest rates of decline. Moreover, average
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fishing mortality rate, was not included in any of the highest ranked candidate models, suggesting
that the average fishing mortality experienced by each population throughout its history of
exploitation is not a particularly useful correlate of rate or extent of decline.

Table 4. Summary of the linear models using (a) rate of decline as vulnerability metric and (b) extent of decline
as vulnerability metric. Left side: Models having the greatest support are shown. K, the number of parameters;
loglik, the value of the maximized log-likelihood function; AlCc, Akaike’s information criterion with a correction
for small sample sizes; W, Akaike weights. The models are ordered by decreasing W.and only those with
A, < 4 are shown. Right side: Scaled model parameters estimates with standard errors from the averaged
predictive linear models are shown. The parameters have been ordered by their relative importance to the
average model on a scale of 0 to 1. The parameters were scaled by subtracting the mean and dividing by two
standard deviations to allow for comparisons among parameters.

(a) Rate of decline
Models for the greatest support: Model-averaged coefficients:
Relative
Std. Adjusted  z Significance = variable
Model k loglik | AIC, A; W; Estimate Error SE value Pr(>[z]) codes importance
3.00E-
Thnax 3 343 -59.8 0.0 0.37 (Intercept) -0.031  0.005 0.006 5.10 07 *k*
Lunaxt Timax 4 35.6 -58.1 1.7 0.16 2. Thnax -0.029  0.012 0.013 2.23 0.026  * 0.6
GT+Lmax 4 35.1 -57.1 2.7 0.09 Z.Linax 0.027 ~ 0.016 0.018 1.54 0.124 0.39
SPWieasoNt Tim, 4 34.9 -56.9 3.0 0.08 z.GT -0.025  0.013 0.015 1.69 0.092 . 0.2
LunaxtTim 4 349 -56.9 3.0 0.08 z.Ty -0.033  0.015 0.017 1.89 0.059 . 0.14
GT 3 324 -56.1 3.7 0.06 2.SPWieason -0.014 = 0.014 0.015 0.93 0.353 0.08
GTH+Lpa+ T, 5 373 -56.0 3.8 0.05
(b) Extent of decline
Models for the greatest support: Model-averaged coefficients:
Relative
Std. Adjusted | z Significance = variable
Model df | loglik = AIC, A W; Estimate Error @ SE value | Pr(>[z]) @ codes importance
Thnax 3 -48.7 106.4 0.0 0.56 (Intercept) -64.63 4.71 534 12,10 <2e-16 | ***
GT 3 -50.2 109.3 2.9 0.13 2. Tmax -24.25 9.94 11.25 2.16 0.031 | * 0.67
TinaxtSPWseason 4 480 109.6 32 0.11 z.GT -17.37 | 10.44 11.87 1.46 0.143 0.13
Z.SPWicason -12.21 1111 12.82 0.95 0.341 0.11

4. DISCUSSION
4.1 Biological correlates in marine fishes

Our literature review of life history correlates of species sensitivity and vulnerability revealed
important insights into the relative importance of several life history traits as reliable biological
correlates. First, age at maturity has been consistently identified as the most useful biological
correlate of species intrinsic sensitivity, suggesting that age at maturity might be the most reliable
predictor of species maximum per-capita growth rate (r, ). We find this outcome to be consistent
in teleost and chondrichthyan fishes. Given that age at maturity is a commonly estimated parameter
in marine fishes, in the absence of demographic data to estimate r, , age at maturity can be used
as an indicator of species productivity and capacity to recover from depletion and to rank species
according to their productivity and resilience and therefore risk of extinction (Hutchings et al.,
2012) . In contrast, multiple studies showed no link or a weak link between maximum body size
or weight and the metric of r  suggesting that maximum body size or weight are not good
predictors of r either in teleost or chondrichthyan fish species, thus, are not good predictors of
species productivity and resilience. There are methodological reasons the metric of r may not
be strongly related to body size. r, _is usually estimated with age-dependent demographic models,
such as Euler-Lotka or rebound potential, and hence there is no size dependency in the estimation
of r, . Although we know theoretically and empirically that r, _scales negatively with maximum
body mass with an exponent of -1/4 (Savage et al., 2004; J enmngs and Dulvy, 2008).

Second, the literature review revealed that maximum body size has been most frequently identified
as a reliable biological correlate of species vulnerability to fishing, suggesting that maximum body
size might be the more reliable predictor of species declines, recoveries and threat status in marine
fishes. This outcome is consistent across teleost and chondricthyan fishes. These findings concur
with a previous review of biology of extinction risk in marine fishes which comprised 15 sensitivity
and vulnerability studies (Reynolds et al., 2005a). Our review included 23 studies and distinguishes
between sensitivity and vulnerability studies. The key finding of Reynolds et al. (2005a) was that
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large body size and late age at maturity are the most reliable biological correlates of declines,
recovery, and threat status. In our review, we still expected time-related traits (such as age at
maturity or growth rate) to be good predictors of species vulnerability. However, they have been
less frequently tested given that they are harder to measure than maximum body size. A recent
global study found, contrary to expectations, that small, short-lived species, commonly presumed
to be less vulnerable to fisheries, have collapsed as often as large, higher trophic-level species
even after controlling for fishing mortality (Pinsky ez al., 2011). We caution that this study had very
low power because the authors did not correct for multiple comparisons, risking false positives, and
also because fishing mortality was not included as a main covariate in the models; it was analyzed
instead using regression of residuals (Freckleton, 2002).

Third, our review confirms, contrary to widely-held perceptions, that fecundity is not a predictor
of either sensitivity or vulnerability. Although multiple empirical studies have repeatedly shown
how different measures of fecundity (average fecundity, maximum fecundity per breeding season,
fecundity at length of maturity) are not reliable correlates of species vulnerability to fishing in
marine fishes, concluding that the production of large number of eggs does not protect marine
fishes from extinction risk (Jennings et al., 1998; Jennings et al., 1999b; Denney et al., 2002;
Reynolds et al., 2005a; Hutchings et al., 2012).

Fourth, life history studies in fishes, birds, mammals and reptiles have shown that most of the life
history variation can be explained along at least two main axes or dimensions (Gaillard et al.,
1989; Saether et al., 2002; Bielby et al., 2007; Juan-Jorda et al., 2012). The first axis, governed
by body size and length-related traits such as length at maturity, ranks species along a small-large
continuum of life histories, while time-related traits, such as longevity, growth rates, age at maturity
and generation underlie the second axis ranking species along a slow-fast continuum. Given that
length and time-related traits govern the first two axes of life history variation in fishes, we would
expect length-related traits highly correlated with maximum body size such as length at maturity,
and time-related traits highly correlated with age at maturity such as growth and longevity, to arise
as important biological correlates as they become increasingly tested and available in more marine
fish species. We found no clear evidence that maximum body mass, longevity, length of maturity,
and growth rate are reliable biological correlates of either species sensitivity, or vulnerability to
fishing. This may be due to the small number of studies testing these parameters as potential
biological correlates.

Our literature review focused on identifying the relative importance of several biological correlates
in marine fishes rather than freshwater fishes. However, we would also like to highlight some of
the work carried out in freshwater systems to identify biological correlates of vulnerability in
freshwater fishes (Angermeier, 1995; Duncan and Lockwood, 2001; Reynolds et al., 2005b; Olden
etal.,2007; Anderson et al., 2011). While large body size is a good biological correlate associated
with fisheries vulnerability in marine fishes, in freshwater systems small body size is a better
predictor of freshwater threat and extinction risk due to habitat loss (Reynolds et al., 2005b; Olden
et al., 2007). The very different types of threats present in these two systems may drive the
observed disparity in the usefulness of body size as a biological correlate of vulnerability in marine
and freshwater fishes. Overexploitation is the leading primary threat to extinction in marine fishes
(Reynolds et al., 2005a). In contrast, the primary threats in freshwater systems are wider, and tend
to include habitat loss, pollution, introduction of invasive species and over-exploitation (Olden et
al., 2007). These threats tend to interact in complex ways that are generally species and location-
specific (Olden et al., 2007), and therefore their effects may be harder to predict for freshwater
species.

4.2 Biological correlates of vulnerability in scombrid populations

The analysis of biological correlates of scombrid species revealed that long-lived scombrid
populations have experienced the steepest declines and the largest extents of decline in adult
biomass within their period of exploitation. Among all the traits tested, longevity was highly
correlated with rates of decline and extent of decline, suggesting that longevity was the most
reliable predictor of scombrid responses to fishing. Our findings differ from empirical studies
which suggest that maximum size is the best predictor of population status in marine fishes, (e.g.
Jennings et al., 1998; Jennings et al., 1999a; Jennings et al., 1999b; Dulvy et al., 2000). This may
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be due to the small number of studies testing longevity as a potential biological correlate. To our
knowledge, only two studies have tested for the importance of longevity as a biological correlate
of species vulnerability to fishing or species intrinsic sensitivity (Smith et al., 1998; Pinsky et al.,
2011). The first found that the intrinsic rebound productivity in 20 shark species in the Pacific
Ocean was primarily affected by age at maturity, and secondarily affected by maximum age. The
latter found that the proportion of population collapses within species (measured with landings
data) were slightly more common among long-lived marine fish species than short-lived species.
However, this trend was absent when population collapses were calculated using biomass data
derived from stock assessment models. Yet, why was longevity the most reliable predictor of
scombrid responses to fishing rather than maximum size? There is increasing evidence that the age-
structure of longer-lived species has an effect on the productivity and stability of populations and
that therefore maintaining natural age-structures is essential for the successful management of fish
populations (Longhurst, 2002; Berkeley et al., 2004). Perhaps, size-selective fishing pressure on
the larger and older individuals may be causing substantial changes in the age structure of scombrid
populations, making longer-lived populations the most vulnerable to fishing.

The average fishing mortality experienced by each population throughout its history of exploitation
was not a useful correlate of either rate of decline or extent of decline in scombrid populations.
These findings are counterintuitive, given that prolonged levels of high fishing mortality rates
have been associated with higher and faster rates of decline and are expected to affect extinction
probability in fishes (Hutchings and Reynolds, 2004). Our results do not imply that fishing
mortality is not the primary cause of the declines in adult biomass across populations; our analysis
suggests instead that it is not a useful correlate of vulnerability to fishing. Perhaps, by averaging
fishing mortality rates over the entire history of exploitation of each population, we lose all the fine
temporal details of how fishing rates directly affect abundance levels over time and therefore the
history of exploitation may be too complex to be reduced easily into a single metric of average
mortality rate. Past studies have also revealed that the fishing intensity experienced by populations
did not change the relationship between the life history of the species and the probability of collapse
or risk of extinction (Field et al., 2009; Anderson et al., 2011; Pinsky et al., 2011). Future analysis
could attempt to link species responses to fishing and their life histories by examining changes in
abundance over time in combination with the changes in fishing mortality rates over time.

4.3 Conclusions

Our comparative review of biological correlates reveals that maximum body size is the primary
biological correlate, and age at maturity the secondary biological correlate, of species vulnerability
to fishing in marine fishes. In addition, age at maturity appears to be the primary biological
correlate of species intrinsic sensitivity in marine fishes. Both findings are consistent across teleost
and chondrichthyan fishes. Moreover, patterns of life history correlates of decline in scombrids
suggest that longevity is the best predictor of population rates and extent of declines. The longest-
lived scombrid populations, rather than the largest, appear to have experienced the fastest rates of
decline and the greatest extent of decline, even after accounting for the different mortality rates
experienced by each population. Identifying and quantifying the relative importance of biological
and ecological correlates of vulnerability in fishes continues to be a challenge and is poorly
understood. Understanding the intrinsic biology of species vulnerability and extinction risk is
crucial to build tools to predict species responses to fishing and their risk of depletion or extinction.
Overall limits to exploitation could then be calculated for any population, even in data-poor
situations, bringing a realistic precautionary ecosystem-based approach to fisheries management
one step closer.

* to be cited as:

Juan-Jordd M.J., Mosqueira ., Freire J. and N.K. Dulvy. 2013. Life history correlates of marine
fisheries vulnerability: a review and a test with tunas and mackerel species pp. 113 - 128 in CIESM
Workshop Monograph n°45 [F. Briand, ed.] Marine extinctions - patterns and processes, 188 p.,
CIESM Publisher, Monaco.
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