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Larger-bodied species in a wide range of taxonomic groups including

mammals, fishes and birds tend to decline more steeply and are at greater

risk of extinction. Yet, the diversity in life histories is governed not only by

body size, but also by time-related traits. A key question is whether this

size-dependency of vulnerability also holds, not just locally, but globally

across a wider range of environments. We test the relative importance of

size- and time-related life-history traits and fishing mortality in determining

population declines and current exploitation status in tunas and their relatives.

We use high-quality datasets of half a century of population trajectories

combined with population-level fishing mortalities and life-history traits.

Time-related traits (e.g. growth rate), rather than size-related traits (e.g. maxi-

mum size), better explain the extent and rate of declines and current

exploitation status across tuna assemblages, after controlling for fishing mor-

tality. Consequently, there is strong geographical patterning in population

declines, such that populations with slower life histories (found at higher

cooler latitudes) have declined most and more steeply and have a higher prob-

ability of being overfished than populations with faster life histories (found at

tropical latitudes). Hence, the strong, temperature-driven, latitudinal gradi-

ents in life-history traits may underlie the global patterning of population

declines, fisheries collapses and local extinctions.
1. Introduction
Species are declining in abundance faster than ever in the history of the Earth

[1,2]. Comparative studies of vulnerability to decline have contributed greatly

to elucidate the underlying processes and patterns of species declines and

extinction risk in a wide range of taxonomic groups [3–5]. The loss of biodiver-

sity is not random [6,7]. Over the past decade, species vulnerability to declines

and extinctions have been linked to two major factors: their exposure to a threa-

tening process, and their intrinsic sensitivity based on their life-history traits,

habitat preferences and behavioural ecology [3,8,9].

Marine fishes provide a unique opportunity to understand the intrinsic

patterns and processes of decline and collapse. This is because exposure to the

threatening process—fishing mortality—is routinely estimated in commercially

important marine fish species. By contrast, in mammals, the variable population

response of species is noted, but the local variation in hunting pressure among

populations of a species is unknown and cannot be controlled for [3,10]. Once

fishing mortality can be controlled for, it is apparent that life histories and demo-

graphy relate to several measures of species vulnerability including declines,

collapses, recoveries and threat status [9,11].

Specifically, maximum body size is a broadly reliable life-history correlate of

population and species vulnerability to decline and extinction risk. Larger species

tend to have declined more steeply and are under greater threat of extinction, than

smaller-bodied species [12–15]. This is because larger-bodied fishes tend to have

life-history strategies resulting in lower intrinsic rates of population increase and
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compensatory density dependence [16–18]. The performance

of other life-history traits for explaining declines has been

mixed [19–21]. This is because, until recently, time-related

reproductive investment and allocation traits have been less

available and harder to estimate accurately, especially across

a wide range of populations [9,18,22].

Body size alone does not explain the full extent of species

life-history diversity. With the increasing availability of high-

quality life-history data, the diversity of life and variation in

life histories is viewed as not only varying with maximum

body size of species, but also across time and reproductive

allocation dimensions [23–25]. Specifically, time- and rate-

related traits, such as age at maturity, longevity, growth rate

and mortality rate explain a large proportion of the variation

in the life histories of mammals, birds, reptiles and fishes, rank-

ing species along a slow–fast continuum of life histories

[23,25–27].

Species biological rates and times, especially growth and

production rates, scale with body size and temperature. Thus,

temperature is an important determinant of life histories,

mainly through its control on metabolic rates and other

time-related life-history rates [28,29]. Temperature varies

strongly with latitude, hence due to the temperature-

dependency of ectotherm metabolic rates, we might expect

tropical fishes to have faster population growth rates, as a

result of faster growth, earlier maturation and shorter life-

spans, than similar-sized temperate ones [30–32]. In tunas

and their relatives, for example, time-related traits are biogeo-

graphical patterned such that while both large and small

tunas are found across a wide range of latitudes, the tunas

with faster life histories are found in warmer tropical

waters, and those with slower life histories occur in temperate

seas [25]. As species life-history strategies are intimately

linked to their response and degree of resilience to fisheries

exploitation [18,33,34], we hypothesized that temperate

tunas would decline more than their similar-sized tropical

counterparts, for a given level of fishing mortality.

Here, we test the relative importance of size- and time-

related traits for explaining population declines and current

exploitation status in tunas and their relatives, while control-

ling for fishing mortality. Tunas and their relatives (Family

Scombridae) are great candidates for such a study as this

family of fishes is widely distributed in the tropical and tem-

perate oceans and have some of the highest quality marine

population trend and life-history data known. To test for

the role of life histories and fishing mortalities in determining

the vulnerability of populations to decline, we geographically

match high-quality datasets of half a century of popula-

tion biomass trajectories and fishing mortalities [35], with

population-level life-history trait data [36].
2. Material and methods
(a) Data collection
We collated time series of yearly adult biomass, yearly fishing

mortality rates and the standard fisheries reference points BMSY

and FMSY for 26 populations of tunas and their relatives from a

scombrid fisheries stock assessment dataset [35]. We selected

those populations that have experienced on average negative

annual rates of change in adult biomass during their period of

exploitation as we aimed to examine the interaction between

life histories and fishing in determining population declines.
We calculated three metrics to describe population biomass trajec-

tories, which we refer to as metrics of vulnerability to decline:

(i) average annual rate of decline in adult biomass, (ii) total

extent of decline in adult biomass, and (iii) current exploitation

status defined using the Bcurrent/BMSY reference point. Bcurrent/

BMSY is the ratio of the current adult biomass relative to the

adult biomass that would provide the maximum sustainable

yield (MSY) and determines whether a population is currently

overfished (Bcurrent , BMSY) or not (Bcurrent . BMSY). For each

population, we also calculated the average fishing mortality

across all years (Faverage) and divided it by the fishing mortality

predicted to produce MSY (FMSY), which we refer to as relative

fishing mortality rate (Faverage/FMSY). We use this metric to control

for the different fishing mortality rates that populations have

experienced within their history of exploitation or at least as they

started to be assessed (electronic supplementary material, S1).

The relative fishing mortality rate metric was not available for

three populations (North Pacific Albacore tuna, Northeast Pacific

chub mackerel and Pacific bluefin tuna), and therefore we were

not able to include these populations in our analyses (electronic

supplement material, S1). Furthermore, we also excluded from

the statistical analyses populations with increasing population tra-

jectories (on average positive annual rates of change in adult

biomass) as this study focuses on examining the interaction

between life histories and fishing in determining population

declines (electronic supplement material, S1).

We extracted the following life-history traits from a comprehen-

sive life-history database [25,36]: maximum body size (Lmax, cm),

length and age-at-maturity (Lm, cm and Tm, years), longevity

(Tmax, years), growth rates described with the von Bertalanffy

growth coefficient k (1/year), the average absolute batch fecundity

(Fabs), relative batch fecundity (Frel, number of oocytes per gram)

and spawning interval (Spwint, days) and duration (Spwseason,

months). We report length-based estimates as fork lengths through-

out. For each life-history trait, we calculated a population-level

estimate combining the life-history information from multiple

studies carried out within their population distributions (electronic

supplementary material, S2).
(b) Analyses
We fitted general and logistic linear models to 19 populations of

scombrids to examine the relative importance of life histories and

relative fishing mortality rates in determining their vulnerability to

decline. These 19 populations have complete datasets including the

three metrics of vulnerability to decline, a metric of relative fishing

mortality and life-history traits (electronic supplementary material,

S1 and S2). Specifically, we examined whether the small–large and

slow–fast trait axes of life-history variation in scombrids explain

their rate and extent of decline and current exploitation status, after

controlling for the different relative fishing mortality rates experi-

enced by populations. Maximum body size was used as a proxy to

describe the small–large dimension of life-history variation and

growth rate to describe the fast–slow dimension of life-history

variation (electronic supplementary material, S2).

We assume that vulnerability to decline is a function of the

exposure of a population to extrinsic threats, such as fishing mor-

tality, coupled with the population’ intrinsic sensitivity based on

their life histories. We tested the following hypotheses about

intrinsic factors (life histories) while controlling for extrinsic

factors (fishing)—declines will be more severe and exploitation

status worse for: (H1) populations subject to higher fishing

mortality rates; (H2) populations with larger body sizes after

controlling for fishing mortalities; and (H3) populations with

slower growth rates after controlling for fishing mortalities.

We fitted a general linear regression with normally distribu-

ted errors to model the two continuous dependent variables: the

average annual rate of decline and total extent of decline in adult
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Table 1. Summary of explanatory generalized linear models evaluating the effects of relative fishing mortality rates and life history on three measures of
vulnerability to decline: (a) rates of decline in adult biomass, (b) the extents of decline in adult biomass and (c) current exploitation status ( probability of being
overfished) in scombrid populations. ((a,b) General linear regression with normally distributed errors and (c) logistic regression with binomial distributed errors.
Models are sorted by AICc, which is the Akaike’s information criterion with a correction for small sample sizes; K, number of parameters; l (u), the value of the
maximized log-likelihood function; DAICc ¼ AICci—min AIC, where AICci is the AICc for model i, and min AICc is the smallest AICc value in the set of models;
wi, the Akaike weights, expresses the relative likelihoods of candidate models, with the weight of any particular model varying from 0 (no support) to 1
(complete support) relative to the entire model set; R2, coefficient of determination.)

hypotheses K l (u) AICc DAICc wi R2

(a) rate of decline in adult biomass

relative fishing mortality þ growth rate 4 213.48 37.82 0 0.57 0.31

relative fishing mortality 3 215.76 39.11 1.29 0.3 0.12

historical fishing mortality þ maximum size 4 214.88 40.62 2.81 0.14 0.20

(b) extent of decline in adult biomass

relative fishing mortality þ growth rate 4 25.49 21.80 0.00 0.69 0.30

relative fishing mortality 3 28.09 23.80 1.93 0.26 0.08

relative fishing mortality þ maximum size 4 28.04 26.90 5.08 0.05 0.08

(c) probability of being overfished

relative fishing mortality þ growth rate 4 28.88 25.00 0.00 0.75

relative fishing mortality 3 211.56 27.70 2.69 0.20

relative fishing mortality þ maximum size 4 211.54 30.30 5.33 0.05
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biomass. We fitted a logistic regression assigning a binomial

error distribution and a logit link function to model the prob-

ability of the populations being overfished or not. We used an

information-theoretic approach with Akaike’s information cri-

terion corrected for small sample sizes (AICc) to evaluate all

the candidate models and assign them relative strengths of evi-

dence [37]. We determined the maximized log-likelihood for

each candidate model (i) and calculated the values for AICc,

DAICc (DAICc ¼ AICci—min AICc), where AICci is the AICc for

model i, and min AICc is the smallest AICc value in the set of

models, and the Akaike weight (wi) [37]. We selected the best

models (with largest Akaike weights) and calculated the stan-

dard error and the 95% confidence intervals (CIs) for each

covariate to assess the effect size, and those variables whose

CIs excluded zero were deemed to have a strong effect on the

predictor variables [38]. We examined model diagnostics for het-

eroscedasticity, normality and independence of residuals [39].

Owing to issues of non-normality and non-constancy of variance

(observed within the residual analyses), all the models were lin-

earized by taking the natural logarithms of the variables. All data

management, analyses and figures were done using the R statisti-

cal software v. 3.0.2 [40], including the R packages ‘MuMIn’ [41]

and ‘ggplot2’ [42].

We conducted two sensitivity analyses to test the robustness

of our choice of life-history proxies to describe the first two axes

of life-history variation in scombrids, and found our analyses are

robust to the choice of life-history proxies (electronic supplemen-

tary material, S2). Moreover, by examining the span of variation

in the life-history traits and relative fishing mortalities against the

three metrics of variability to decline, we also assessed whether

populations with certain life histories have been preferentially

targeted with high fishing intensities (electronic supplementary

material, S3). We find scombrid populations, irrespective of

their life histories, have been exposed to a wide range of relative

fishing mortality rates. This exposure to wide-ranging fishing

intensities and the diverse intrinsic sensitivities in scombrid

populations allows testing for the combined effects of expo-

sure to fishing and life histories in determining vulnerability to

population declines.
3. Results
After controlling for the different relative fishing mortality

rates experienced by each population, those populations

with slower growth rates (rather than populations with

larger body size) declined faster, to a greater extent, and

more steeply, and are more likely to be currently overfished.

We find there was a broad agreement between each of the

three metrics of vulnerability to decline (rate, extent and

exploitation status) and the life-history trait of growth rate,

once the relative fishing mortality experienced by the popu-

lations was controlled for (table 1). We found greatest

support for those models including growth rate and relative

fishing mortality rate (both lowest AICc and highest weights

wi ranging from 0.57 to 0.75; table 1a–c). Thus, once fishing

mortality was controlled for in the model, the growth rate

of populations describing the slow–fast dimension of life his-

tories better explained the variation in decline rate, extent and

current exploitation status than maximum size representing

the large–small life-history dimension. Moreover, we found

weaker support (wi ¼ 0.2–0.3) for the models that only

included relative fishing mortality rates as an explanatory vari-

able. Last, we found the weakest support (wi ¼ 0.05–0.14) for

the models including both maximum body size and relative

fishing mortality rate as explanatory variables (table 1).

Those populations with slower growth rates, rather than

populations with larger body size, are four times more likely to

have experienced faster population declines (evidence ratio ¼

0.57/0.14), are 14 times more likely to have experienced larger

extents of population declines (evidence ratio ¼ 0.69/0.05) and

are 15 times more likely to be currently overfished (evidence

ratio¼ 0.75/0.05), after controlling for the different relative fish-

ing mortality rates experienced by each population (table 1).

Indeed, we find strong evidence for an effect of growth rate, as

the 95% CIs of the effect sizes do not cross zero in all three

measures of vulnerability (table 2). We also find evidence that,

http://rspb.royalsocietypublishing.org/
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Figure 1. Vulnerability to declines depends on somatic growth rates for scombrid populations after accounting for the exposure to the threatening process of fishing.
(a) Predicted average annual rates of decline in adult biomass with separate lines set for two values of growth rates corresponding to the first (blue line, slow
growth k ¼ 0.16) and third (red line, fast growth k ¼ 0.34) quartile values. (b) Predicted total extent of decline in adult biomass with separate lines set for two
values of growth rates corresponding to the first (blue line) and third (red line) quartile values, k ¼ 0.16 and k ¼ 0.34, respectively. (c) Predicted probability of
being overfished (Bcurrent/BMSY , 1) with separate lines set for two values of growth rates corresponding to the first (blue line, slow growth k ¼ 0.16) and third
(red line, fast growth k ¼ 0.34) quartile values. Panels show regression lines and 95% CIs derived from (a,b) general linear models and (c) logistic regression
models. Predictions with 95% confidence values correspond to the best models (the models with the largest Akaike weights, see table 1). Population codes
are found in the electronic supplementary material, S1.
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Table 2. Vulnerability to decline depends on somatic growth rates for scombrid populations after accounting for the relative fishing mortality rates populations
have been exposed to. (Panels show selected best models (models with the largest Akaike weights from table 1) for each measure of vulnerability to decline.
(a) The rates of decline in adult biomass, (b) the extent of decline in adult biomass, and (c) the current exploitation status ( probability of being overfished) in
scombrid populations. (a,b) General linear regression with normally distributed errors and (c) logistic regression with binomial distributed errors. The summary of
the models includes the estimated coefficients, standard errors (s.e.) and the 95% CIs for each covariate.)

parameter estimate s.e. lower CI upper CI

(a) rate of decline in adult biomass

relative fishing mortality 0.18 0.17 20.16 0.52

growth rate 20.51 0.24 20.99 20.03

(b) extent of decline in adult biomass

relative fishing mortality 0.07 0.11 20.15 0.29

growth rate 20.36 0.16 20.68 20.05

parameter estimate s.e. lower CI upper CI
odds ratio
exp (coef.)

inverse odd ratio
1/exp (coef.)

(c) probability of being overfished

relative fishing mortality 3.25 1.72 0.79 7.99 25.70

growth rate 23.96 2.35 210.36 20.48 52.35
aParameter deemed significant as CI excludes 0.
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both growth rate and relative fishing mortality, in combination,

have a strong effect on the probability of populations being

overfished as their 95% CIs do not cross zero (table 2).

We observe that scombrid populations of temperate and

subtropical species, such as chub mackerel (Scomber japonicus),
Atlantic mackerel (S. scombrus), Albacore tuna (Thunnus
alalunga) and Atlantic and southern bluefin tuna (Thunnus
thynnus and Thunnus maccoyii), which have the slowest

growth rates and greatest longevities, have suffered the fastest

and greatest declines in adult biomass and have a higher prob-

ability of being overfished even after fishing pressure has been

properly controlled for (figure 1). By contrast, the majority of

tropical populations of scombrid species, such as skipjack

tuna (Katsuwonus pelamis), yellowfin tuna (Thunnus albacares)

and bigeye tuna (Thunnus obesus), which are among the fastest

growers and shortest lived species of scombrids, have suffered

the slowest, and least severe population declines in adult

biomass, and have a lower probability of being overfished.
4. Discussion
By focusing on a well-studied taxonomic group of species with

detailed population trends and life-history data, we have

shown that time-related traits describing the speed of life,

rather than size-related traits, better explained the extent and

rate of declines and current exploitation status of tunas and

their relatives. At a first glance, our findings contrast strongly

with the large majority of previous comparative studies reveal-

ing than large-bodied fish species tend to have declined more

steeply and are under greater threat of extinction, than smaller-

bodied species [12–14]. Instead, it is likely that our finding

complements, rather than contradicts, these studies, and we

explain how next.

There are a number of reasons why maximum body size

might have been most frequently identified as the best life-

history correlate of vulnerability in fishes. First, maximum

size of the species tends to be most commonly available trait
and often the only life-history trait available for testing, by

comparison time-related traits have been less frequently

tested [11,22]. Second, body-size-related measures are easier

to gather accurately, with minimum observation error,

whereas time-related traits must be estimated from numerous

samples [36,43].Third, some comparative studies were unable

to control for (or only partially controlled for) the different fish-

ing mortalities experienced by species [13,14,44]. This leads to

a failure to adequately disentangle the relative importance of

fishing and life histories with the result that the significance

of maximum size may have been overestimated.

Aside from these quality and data availability issues,

we find almost without exception that previous tests of

life-history trait relationships with population trajectories

while accounting for fishing mortality occurred within fish

assemblages and were all conducted at local scales either in

the European shelf seas [20,21,45] or the Pacific coral reefs

[12,19,46]. Hence, within a single and relative homogeneous

environment, maximum body size may be sufficient to rank

the relative vulnerability of species to fishing exploitation

within fish assemblages. Our study shows a geographical

patterning in population declines with populations found at

higher latitudes having declined most and more steeply than

populations at lower latitudes after controlling for fishing mor-

tality. This suggests time-related traits, such as growth rate, age

at maturity and longevity, might be more suitable to rank

population and species vulnerability to fishing exploitation

across assemblages at larger geographical scales with larger

environmental and temperature gradients. Yellowfin tuna

is a good example. Although it is relatively large—up to

232 cm in length—it is a fast-growing and short-lived tropical

species, and consequently it can cope with relatively high fish-

ing mortality rates compared with the similar-sized temperate

bluefin tunas [25]. We hypothesize that this is because life his-

tories are locally adapted, most often to temperature and

related environmental conditions [28,29,47].

To our knowledge, there are only four global scale tests of

the link between life histories and vulnerability. First, a global

http://rspb.royalsocietypublishing.org/
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comparative study across freshwater and marine fishes showed

body size best explained extinction risk in marine fishes [13,13].

Second, two global comparative studies across the taxonomic

class Chondrichthyes—sharks, rays and chimaeras—similarly

showed that body size, along with depth, best explained

their extinction risk [14,48]. Like many other studies, these

studies could not control for fishing mortality, nor were the

authors able to test whether time-related traits were important,

nor were traits geographically matched to population status.

Third, a global analysis testing for life-history links to the pro-

portion of populations (within each fish species) that have

collapsed suggested life-history traits are not good correlates

of species collapses [49]. Our advance, enabling us to reveal

the importance of time-related traits, was to both control for

fishing mortality as well as being able to geographically

match life-history traits to population trends.

Our findings suggest it may be fruitful to better measure

and account for external threats and their interaction with

life-history traits, particularly time-related traits in compara-

tive analysis of vulnerability. Time-related traits such as

growth rates and age at maturity are increasingly identified

in empirical studies as the primary correlates of the maxi-

mum population growth rates (rmax), a strong metric of

species fitness and extinction risk [16,50,51]. Hence, time-

related traits may serve as the ultimate correlate, whereas
body size may serve as a useful proximate correlate of species

vulnerability to decline, and extinction risk [16,18]. With

increasing interest in the importance of scale in understand-

ing patterns and processes of population vulnerability

[10,52], future studies should also strive to bridge the gap

between local and global processes of decline to better deter-

mine what aspects of species life-history histories predisposes

them to be more susceptible to fishing pressure. The potential

connection between biogeography, through temperature, and

life histories may play an important role in determining

the spatial patterning of fisheries yield, sustainability and

vulnerability [30,53].
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