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Large scombrids, commercial tuna species, are regularly assessed and managed. However, most of the small scombrids, many mackerels
and bonitos, lack accurate catch data to implement traditional stock assessments despite their economic importance in many small-scale
fisheries. In this study, we analysed different approaches using length composition data from multiple fleets with different gear selectivity
to assess small scombrids in the Atlantic Ocean. Using simulated populations, we compared two length-based methods (length-based
spawning potential ratio and length-based integrated mixed effects ), under different length data grouping scenarios. We found that using
length data from the fleet targeting the broadest range of sizes resulted in the lowest bias in spawning potential ratio of all options tested.
Based on these results, we used biological and length data to estimate a quantitative proxy of current stock status for ten small scombrid
stocks in the Atlantic Ocean. We found that some stocks are likely to be overfished, such as little tunny (Euthynnus alletteratus) in
the Southeast Atlantic and wahoo (Acanthocybium solandri) in the Northwest Atlantic. This is a starting point in the estimation of stock
status for these species, but should not be thought of as a replacement for other more data-intensive assessments.
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Introduction
For the “principal market tunas,” like Southern (Thunnus mac-

coyii), Pacific (T. orientalis), and Atlantic bluefin (T. thynnus),

bigeye (T. obesus), yellowfin (T. albacares), albacore (T. alalunga),

and skipjack (Katsuwonus pelamis), stock assessments are per-

formed regularly, and a variety of management procedures are in

place to protect these stocks from overfishing (Pons et al., 2017).

However, there are also other scombrid species, commonly re-

ferred to as “small tunas, mackerels, Spanish mackerels and

bonitos” (from now on “small scombrids”), that account for a

notable proportion of the total tuna and tuna-like species catch

and that are mostly unassessed and unmanaged (Juan-Jordá

et al., 2015; Pons et al., 2018). Small scombrids are generally

coastal and associated with continental shelves and islands

(Collette and Nauen, 1983). Although their economic value is

lower than that of the principal market tunas (Collette et al.,

2011), they sustain important regional commercial fisheries in

many coastal communities throughout their distributions

(Majkowski, 2007). Juan-Jordá et al. (2011) showed that within

the Scombridae family, the fastest declines in biomass are exhib-

ited not only for the largest, longest-lived, most valuable tunas,

but also for a few smaller, short-lived mackerels. Also, some small
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Scombridae stocks in the Atlantic Ocean were assigned as

“moderate to high risk” of being overfished or subject to overfish-

ing in a recent qualitative risk assessment, even if they have not

been formally assessed in recent years (Lucena-Frédou, Kell,

et al., 2017).

Total catch is one of the main data sources required for most

classical stock assessment methods, particularly when estimating

absolute estimates of spawning or total biomass. Stock assessment

methods used for principal market tunas use catch data, but

obtaining accurate landings and discards for small scombrids is

generally challenging (Pitcher et al., 2002). Small scombrids are

targeted by multiple fleets, particularly medium- and small-scale

fisheries, and caught as bycatch in many industrial fisheries tar-

geting commercial tuna species. Available catch data usually con-

sist of incomplete catch time-series from tuna regional fisheries

management organizations statistics and from catch time-series

that might be highly aggregated by species from the Food and

Agriculture Organization database (FAO, 2016). While quantify-

ing total catch is difficult, there is a wide-ranging toolbox of qual-

itative and quantitative assessment approaches for data-limited

fisheries to infer the exploitation status of the stocks (Chrysafi

and Kuparinen, 2016; Dowling et al., 2016). In 2017, Lucena-

Frédou, Frédou, et al. (2017) performed a qualitative risk assess-

ment for small scombrids in the Atlantic Ocean. They identified 5

of 13 species as priority for evaluation and implementation of fu-

ture management actions: the low productivity and susceptible

Euthynnus alletteratus (little tunny), Acanthocybium solandri (wa-

hoo), and Scomberomorus cavalla (king mackerel), and the highly

targeted Sarda sarda (bonito) and Auxis thazard (frigate tuna).

This study served to identify priority species, but does not esti-

mate population processes, productivity, or stock status that

would be required for more specific management advice. In addi-

tion, qualitative risk assessment methods have been questioned

recently since their performance is poor under a wide range of

conditions (Hordyk and Carruthers, 2018).

The International Commission for the Conservation of

Atlantic Tunas (ICCAT) suggested that length composition of the

catch available in the ICCAT database should be used to quantita-

tively assess the status of these species and inform management

advice (ICCAT, 2017). In fisheries without total catch data or in-

formation on relative or absolute abundance, stock assessments

typically use the spawning potential ratio (SPR) as an alternative

reference point to the biomass at maximum sustainable yield

(BMSY). SPR can be expressed in terms of spawning stock biomass

per recruit (SSBR), which is often defined as the expected lifetime

reproductive potential of an average recruit. SPR then is the ratio

of the fished SSBR to the unfished SSBR under equilibrium con-

ditions (Goodyear, 1993). SPR has been recommended for data-

limited assessment because it can be estimated using only biologi-

cal information and length data (Brooks et al., 2010).

There are several methods that use life history information and

length composition from the catch to estimate fishing intensity

and derive values of SPR that can be used as a proxy for stock sta-

tus. One of them is length-based spawning potential ratio

(LBSPR, Hordyk et al., 2015). This method uses the Beverton–

Holt life history ratios in an equilibrium-based population model

applying the shape of the length composition data compared to

the expected unfished length structure to estimate the ratio of

fishing mortality and natural mortality (F/M) and derive SPR.

Another new method is the length-based integrated mixed effects

model (LIME, Rudd and Thorson, 2018), that also requires

biological information and length composition data to derive

SPR, but relaxes the equilibrium conditions by treating recruit-

ment as a random effect over time and estimating annual F as

fixed effects (Rudd and Thorson, 2018). Both methods can be

implemented in R (Hordyk, 2017; R Core Team, 2017; Rudd,

2018).

Data-limited, length-based stock assessment methods typi-

cally assume selectivity is asymptotic by default (Hordyk et al.,

2015; Rudd and Thorson, 2018). If large fish are absent from

the catch, logistic selectivity models assume that they do not

exist in the population (as opposed to being present in the pop-

ulation, but evading the fishing gear). The logistic selectivity as-

sumption is usually violated in highly size-selective fisheries

(i.e. gillnets), and it could be problematic in multifleet fisheries

where stocks are caught in different proportions by multiple

gears with different selectivity patterns. As an example, the ma-

jority of the catch of the North Atlantic albacore stock comes

from pole and line fisheries which have dome-shaped selectiv-

ity, catching mainly juvenile albacores. In addition, a smaller

proportion of the catch comes from longline fisheries targeting

larger individuals, but with different selectivity patterns

depending on the fishery (ICCAT, 2014). These different selec-

tivity patterns, catches, and indices of abundance are included

in complex assessment models that allow for multiple fleet

interactions in the formal assessment performed regularly by

ICCAT. When fitting only to the length composition of a pro-

portion of the catch, assumptions regarding fishery dynamics,

particularly the shape of the selectivity curve, need to be care-

fully analysed.

The main objective of this study is to determine the current

stock status of small scombrids in the Atlantic Ocean. However,

the only data available to evaluate these populations are limited

biological information and length composition of the catch com-

ing from different fleets with different selectivity patterns.

Therefore, before applying any length-based assessment, we need

to determine how to combine these length data to obtain an un-

biased estimate of fishing intensity. Developing best practices for

combining length data across multiple fleets for length-based

assessments of small scombrids in the Atlantic Ocean thus

becomes a critical challenge to face to estimate stock status. To

address this challenge and meet the main objective, we used sim-

ulation testing to evaluate the performance of LBSPR and LIME

by combining length composition data of the catch from multiple

fleets with different selectivity patterns. Using conclusions from

the simulation, we applied both length-based approaches to esti-

mate a proxy of stock status for the priority small scombrid spe-

cies determined by ICCAT (2018).

Methods
First, we compared the performance of two length-based methods

using a simulation study based on North Atlantic albacore. Then,

based on the insight about the robustness of the methods, we esti-

mated stock status for the small scombrid stocks.

Simulation study
We chose the North Atlantic albacore stock on which to develop

an operating model (OM) to simulate resource dynamics to eval-

uate the performance of the different assessment methods.

ICCAT, in the 2017 report of the small tunas species group inter-

sessional meeting (ICCAT, 2017), suggested the North Atlantic
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albacore stock as a good example of a multifleet fishery to use for

simulation purposes, where the selectivity patterns are considered

well estimated for 12 different fleets (ICCAT, 2014). This stock is

targeted by pole and line, troll, longline, and other surface gears

in the Atlantic Ocean.

In the following sections, we describe the data and specifica-

tions used in the OM, the estimation models (EMs), namely

LBSPR and LIME, and how we measured their performance un-

der different scenarios.

Operating models
Input data
We extracted the catch time-series (Supplementary Figure S1), se-

lectivity patterns from 12 different fleets (Supplementary Figure

S2), and the biological parameters (Table 1) from the formal as-

sessment performed by ICCAT in 2013 for North Atlantic alba-

core (ICCAT, 2014) to use for the OM. For simplicity and based

on similarity of selectivity patterns (Supplementary Figure S2),

we combined some fleets using an average age-specific selectivity:

(A) fleets 1 and 2 (bait boat and troll fisheries) which target small

individuals and have a dome-shaped selectivity curve; (B) fleets 4

and 12 which are other surface gears targeting a broader range of

sizes; and (C) fleets 10 and 11 which are longline fisheries target-

ing mainly adults with an asymptotic selectivity curve

(Supplementary Figure S2). During the last 15 years only, the

three fleet combinations mentioned earlier were still operating

plus fleet 7, which is a longline fleet that captures less than 1% of

the total catch and was left out of the analysis. Eighty-seven per

cent of the total catch corresponds to the fleets’ bait boat and troll

fisheries (A), 6% longline (C) and 7% other surface gears with

same selectivity (B) (Figure 1).

Model specifications
We simulated an age-structured population using stock synthesis

(SS) version 3.30.12 (Methot and Wetzel, 2013; Methot et al.,

2018). We specified a final depletion fitting to an artificial abun-

dance survey index equal to 1 at the beginning of the time-series

(1930) and 0.4 B0 in the last year (2011). The depletion value was

arbitrarily selected to mimic the current depletion of the North

Atlantic albacore population. All parameters were fixed, except

the average recruitment in the unfished state (R0). We assumed a

Beverton–Holt spawner-recruit function (Beverton and Holt,

1957; Methot and Wetzel, 2013). We simulated two populations,

one with and one without recruitment deviations to verify if the

outputs were different between the estimations models since

LIME specifically estimates recruitment.

Fishing intensity in SS was estimated to match the observed

North Atlantic albacore catch. SS assumes that the absolute level

of catch is known, using the catch time-series to calculate the level

of fishing intensity needed to obtain that level of catch, condi-

tioned on the model’s current estimate of age-specific population

abundance and age-specific selectivity (Methot and Wetzel,

2013). Single estimates of fishing mortality rates (F) were calcu-

lated for all gears combined in SS. LBSPR and LIME (see the

Estimation models section) assume a single gear, so the F esti-

mates represent the F as covered by the stock sampled. SS calcu-

lates the SPR as the equilibrium level of spawning biomass per

recruit that would occur with the current year’s level of fishing

(b)(a)

Age Year

Figure 1. (a) Selectivity patterns include in the OM for each fleet. (b) Catch time-series included in the OM by fleet in the last 15 years
(1997–2011) taken from the North Atlantic albacore assessment (ICCAT, 2014). Fleets A, B, and C are combination of fleets described in the
main text.

Table 1. OM biological inputs parameters for North Atlantic
albacore (ICCAT, 2014).

Biological information Symbol Value

Maximum age (years) Tmax 15
Length where 50% of the fish are mature (cm) L50 90
Length where 95% of the fish are mature (cm) L95 100
Length–weight scaling parameter (g) a 1.34 � 10–5

Length–weight allometric parameter (g) b 3.107
von Bertalanffy Brody growth coefficient k 0.209
von Bertalanffy asymptotic length (cm) L1 122
Theoretical age at length 0 t0 �1.3
Variability of length at age CVL1 0.1
Recruitment deviations rR 0.4
Steepness h 0.9
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intensity relative to the unfished level of spawning biomass per

recruit (Goodyear, 1993).

After running SS to generate the OM, we extracted the expected

catch at age by year and fleet from the SS report. We converted this

catch at age in biomass into catch at age in numbers using the mean

weight at age. We used the age–length transition matrix output from

SS to assign a distribution of length at each age (Supplementary

Table S1). Summing across each length bin by gear gave us the

length distribution of the catch. We used a 2-cm length bin, which

corresponds to the bin structure applied in the formal ICCAT assess-

ment (ICCAT, 2014). To analyse different length sampling scenarios,

we sampled 100 individuals from the catch by year and fleet with a

multinomial distribution using the probability of being harvested at

each length bin for each year. We repeated this process of simulating

a population and generating data for 100 replicates for each scenario.

We chose to sample only 100 individuals because no big differences

in the results were found when using a larger sample size (i.e. 1000

and 10 000 individuals), just a small reduction in variance (see Pons,

2018).

Scenarios
A common question that arises with length data from multifleet

fisheries with different selectivity patterns is which fleets to use

and how to combine data when applying length-based, data-lim-

ited methods that only estimate selectivity and fishing mortality

for one fishing gear. We explored the performance of each esti-

mation method under different approaches combining length

data into one common “fleet.” The single fleet could actually be

one selected fleet or multiple fleets combined in some way. In all

scenarios, the selectivity for this one fleet was estimated and start-

ing values were the same for each model run. We explored five

possible scenarios:

� Scenario 1: Length composition sampled proportional to

the catch of each fleet (Figure 1). This means that fish mea-

sured from the fleet with the highest catch would be more

represented in the length composition data than other

fleets.

� Scenario 2: Length composition sampled with equal weight

from each fleet. This means that the same number of individu-

als were measured from each fleet and combined in one

length-sample. All fleets are equally represented in the length

composition data.

� Scenario 3: Only use length data from the fleet that targets

small individuals (fleet A). Fleet A has a dome-shaped selectiv-

ity (Figure 1a) where the true S50 is 57 cm (� age 1.5) and S95

is 61 cm (� age 2). It was modeled in SS with a double normal

distribution with six parameters. This fishery catches mainly

juveniles and it is the main fishery for North Atlantic albacore

in terms of catch (Figure 1b).

� Scenario 4: Only use length data from the fleet that targets a

broad range of lengths (fleet B). Fleet B has an asymptotic se-

lectivity harvesting both juveniles and adults, with a true S50 of

78 cm (� age 3.5) and S95 of 90 cm (� age 5, Figure 1a). In

terms of catch, this fleet resents a small proportion of the total

(Figure 1b).

� Scenario 5: Only use length data from the fleets that target

adults (fleet C). Fleet C also catches a small fraction of the total

catch (Figure 1b), but is a longline fishery that targets mainly

adults with a true S50 of 100 cm (� age 7) and a S95 of 108 cm

(� age 9) (Figure 1a).

Estimation models
In LBSPR, SPR in an exploited population is a function of the ra-

tio of fishing mortality to natural mortality (F/M), selectivity and

the two life history ratios M/k and Lm/L1; k is the von Bertalanffy

growth coefficient, Lm is the size of maturity, and L1 is asymp-

totic size (Hordyk et al., 2015). The inputs to the LBSPR are: M/

k, L1, the variability of length-at-age (CVL1), which was set as

10% in the OMs; and size of maturity specified in terms of L50

and L95, the size at which 50 and 95% of a population matures

(Table 1). Given the assumed values for the M/k and L1 parame-

ters and length composition data from an exploited stock, the

LBSPR model uses maximum likelihood methods to estimate the

selectivity ogive, which is assumed to be a logistic curve defined

by the selectivity-at-length parameters S50 and S95 and the relative

fishing mortality (F/M), which are then used to calculate the SPR

(Hordyk et al., 2015). LBSPR estimates a selectivity curve for each

length sample. Estimates of SPR are primarily determined by the

length of the fish in a sample, relative to the maturity and L1.

For example, if a reasonable proportion of fish in a sample attain

lengths approaching L1, estimates of F/M will be relatively low

leading to a high estimate of SPR. However, the proportion of

length samples near L1 will vary with the life history parameters

such as fecundity-at-age/length and selectivity. LBSPR is an

equilibrium-based method with some underlying assumptions in-

cluding: (i) asymptotic selectivity, (ii) growth adequately de-

scribed by the von Bertalanffy equation, (iii) a single growth

curve can be used to describe both sexes which have equal catch-

ability, (iv) length-at-age is normally distributed, (v) rates of nat-

ural mortality are constant across adult age classes, (vi) growth

rates remain constant across the cohorts within a stock, and (vii)

constant recruitment (Hordyk et al., 2015). In this study, we used

LBSPR package version 0.1.2 in R (Hordyk, 2017). The LBSPR

package uses the Rauch–Tung–Striebel smoother function to

smooth out the multiyear estimates of SPR (Hordyk, 2017), and

these smoothed values were used for comparisons to the OM.

LIME is an integrated, age-structured model which requires, as

input, biological information such as growth, natural mortality,

and maturity, and, at minimum, 1 year of length composition

data. LIME estimates, as fixed effects, annual fishing mortality

rates F, S50, and S95, the recruitment standard deviation, and a

Dirichlet-multinomial parameter governing the relationship be-

tween the nominal and effective sample size of length measure-

ments. LIME has most of the same assumptions as LBSPR, but

LIME does not assume equilibrium conditions when recruitments

can be estimated (i.e. more than 1 year of length data). LIME

extends length-based methods by deriving time-varying recruit-

ment deviations (Rudd and Thorson, 2018) using automatic dif-

ferentiation and Laplace approximations (TMB) (Kristensen

et al., 2015) to calculate the marginal likelihood for the random

effect on recruitment. Using the assumed biological information,

recruitment deviates, estimated F, and estimated selectivity, LIME

calculates the predicted abundance-at-age over time. To predict

length composition of the catch, LIME calculates the predicted

probability of being captured at age over time, the probability of

being in a length bin given age, and then the probability of being

captured in each length bin. LIME fits the predicted length

composition to the observed length composition using the
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Dirichlet-multinomial likelihood function. In addition to the

length composition marginal likelihood, the joint negative log like-

lihood also includes a penalty on the fishing mortality rate to avoid

varying unrealistically between years and the likelihood of the ran-

dom effect of annual recruitment deviations. LIME can also ac-

commodate catch and/or abundance data if available (Rudd and

Thorson, 2018), although this feature was not used in this study.

We used the LIME package version 1.0.5 (Rudd, 2018).

Performance measures
The performance of the EMs under different scenarios was com-

pared to the simulated “truth” from the OM using relative error

(RE) calculated as (estimated-true)/true, where estimated comes

from the EM and true from the OM. This is a measure of uncer-

tainty, in both bias and precision, of the EM under each scenario,

and it is commonly used as a standardized metric of model per-

formance. We used SPR as the performance measure for all sce-

narios estimated by both LIME and LBSPR. We presented the RE

of the last year of the time-series of SPR in all cases for the 100

simulation replicates for each scenario.

Assessment of small scombrids in the Atlantic Ocean
Little tunny, bonito, wahoo, king mackerel, and frigate tuna have

been identified as priority to be evaluated by ICCAT in 2017

(ICCAT, 2017). In this study, the only species that we did not

evaluate was king mackerel. In the Southwest Atlantic, there is no

good information on length data to evaluate this stock; in the

Northwest Atlantic, it is regularly assessed by the United States as

two independent stocks: one in the Gulf of Mexico and the other

off the southeast coast of the United States (SEDAR, 2014a, b).

According to these reports, neither stock of king mackerel in the

Northwest Atlantic is currently overfished nor undergoing

overfishing.

None of the other four species of small scombrids has studies

defining stocks boundaries in the Atlantic Ocean. So, for manage-

ment purposes, ICCAT uses five sampling or statistical areas for

small scombrids: Northwest Atlantic, Southwest Atlantic,

Northeast Atlantic, Southeast Atlantic, and Mediterranean Sea

(Supplementary Figure S3). Hence, we decided to use these areas

as proxies for stock boundaries to assess these putative “stocks.”

The ICCAT database (http://iccat.es/en/accesingdb.htm) has

length data from 1975 to 2016 for the four priority species

assessed in this study. The length composition data available for

each stock come from different regions and different gear types.

To estimate current stock status, we used only data from 2010 to

the present where there is a better representation of the length

composition of the catch by year and gear (Supplementary Figure

S4). We used the length data reported in 1- and 2-cm bins and

pooled them into 2-cm length bins for the analysis. The number

of fish measured by year for the priority species varies between

17 429 individuals measured in 2016 and 98 173 in 2014, all spe-

cies combined (Supplementary Figure S4). We presented the

stock status for the year 2014 where there are more length data

and are consistent among species and representative of different

gears.

For some stocks, the length data available were limited, so we

removed samples numbering fewer than 100 fish per year and

gear combination (Supplementary Figure S4). Some stocks, such

as wahoo in the Southwest Atlantic, were excluded from the

analysis because they are targeted by multiple fleets, but length

data are available only for one gear (gillnets) and would bias the

results. This filtering process reduced the number of stocks with

enough information to run the length-based models. We did not

run these models for bonito in the Southeast, Northwest, and

Southwest, little tunny in the Southwest, wahoo in the

Mediterranean, Southeast, and Southwest (stock not present in

the Mediterranean), and frigate tuna in the Mediterranean,

Southwest, and Southeast, resulting in ten stocks with representa-

tive information of length composition data of catch by gear

(Supplementary Figure S5 and Table S2).

Both LBSPR and LIME require life history information on

growth, maturity, and length–weight relationships as input

parameters. These methods are very sensitive to these parameters

(Hordyk et al., 2015; Rudd and Thorson, 2018). In 2018, the

ICCAT small tunas working group met, and a set of life history

parameters were agreed among scientists from each region in the

Atlantic Ocean for each stock to run data-limited methods

(ICCAT, 2018, Supplementary Table S2). There are many gaps in

the life history information available for these species. In cases

where there was missing information, we borrowed information

from the nearest stock of that species (i.e. when missing informa-

tion existed for the Southeast Atlantic, we borrowed the informa-

tion from the Northeast Atlantic) to run the length-based

models.

Table 2 shows the final parameters used for each stock to run

LBSPR and LIME. Natural mortality (M) was calculated using a

suite of empirical life history-based methods (Cope, 2017, see

http://barefootecologist.com.au/shiny_m). We used nine empiri-

cal methods that used growth parameters (L1, k, t0, and maxi-

mum age). Four of these methods are described in Then et al.

(2015), two in Jensen (1996), and the other three in Alverson and

Carney (1975), Chen and Watanabe (1989), and Jensen (1997),

respectively. Table 2 shows the median and first and third quan-

tile of the distribution of M estimated for each stock. LBSPR and

LIME were run with these three M values to test their sensitivity

to these parameter estimations.

Reference points for small scombrids
We used SPR as a biological reference point. In general, it is used

as a proxy for BMSY when information on the scale population

size is not available. A harvest strategy that targets a fishing mor-

tality rate that is expected to result in 40% of the unfished spawn-

ing output (SPR40%) is considered a reasonable proxy even for

stocks with very low resiliency (Clark, 2002). Moreover, 30% SPR

is sometimes considered a threshold beyond when the stock is

overfished (Clark, 2002; Nadon et al., 2015; Rudd and Thorson,

2018). In addition, we presented the estimated ratio F/M for each

stock.

Results
Simulation testing: length data in multifleet fisheries
Based on the observed catch data for North Atlantic albacore

used in the OM, the true SPR value in the terminal year was 0.55

for the OM without recruitment deviations; for the OM that

includes random recruitment deviations, the median was 0.66,

with a range 0.50–0.74 (Supplementary Figure S6). LBSPR was

least biased when using length data from the fleet with asymptotic

selectivity catching a broad range of lengths from juveniles to

adults (Scenario 4; Figure 2). LIME was least biased with length

data from the fleet that targets only adults when considering
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ré

et
al

.,
19

93
)

M
*

(y
ea

rs
�

1 )
0.

48
;1

.0
1;

1.
37

0.
48

;1
.0

1;
1.

37
W

L_
a

(g
)

8.
9
�

10
�

6
(F

ro
ta

et
al

.,
20

04
)d

8.
9
�

10
�

6
(F

ro
ta

et
al

.,
20

04
)d

W
L_

b
3.

17
(F

ro
ta

et
al

.,
20

04
)d

3.
17

(F
ro

ta
et

al
.,

20
04

)d

*M
w

as
es

ti
m

at
ed

em
pi

ric
al

ly
th

ro
ug

h
di

ffe
re

nt
m

et
ho

ds
.T

he
fir

st
qu

an
til

e,
m

ed
ia

n,
an

d
th

ird
qu

an
ti

le
ar

e
pr

es
en

te
d.

Fo
r

th
e

sa
m

e
sp

ec
ie

s:
a in

fo
rm

at
io

n
bo

rr
ow

ed
fr

om
th

e
N

or
th

w
es

t
st

oc
k,

b
in

fo
rm

at
io

n
bo

rr
ow

ed
fr

om
th

e
N

or
th

ea
st

st
oc

k,
c in

fo
rm

at
io

n
bo

rr
ow

ed
fr

om
th

e
So

ut
he

as
t

st
oc

k,
an

d
d
in

fo
rm

at
io

n
bo

rr
ow

ed
fr

om
th

e
So

ut
hw

es
t

st
oc

k.

Performance of length-based data-limited methods 965

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/article/76/4/960/5307953 by Ani Au user on 27 August 2024



recruitment variability (Scenario 5; Figure 2). In the

Supplementary, we presented potential biases in the EMs com-

pared to our OMs under perfect equilibrium conditions. It seems

that a persistent bias exists for both assessment methods com-

pared to the OM, except for LBSPR when fish are selected before

reaching the length at maturity. In general, LIME underestimates

SPR for this species (North Atlantic albacore), particularly when

individuals are selected by the fishery before maturing. LIME also

overestimates selectivity most of the time, but is less biased when

adults are present in the samples. LBSPR is slightly positively bi-

ased only when the sampled individuals are above the size at ma-

turity (Supplementary Table S3).

In Scenario 1, length composition data was weighted by the

fleet’s proportional catch, meaning that more weight was given to

the fleet with dome-shaped selectivity. In this scenario, both

LBSPR and LIME underestimated SPR on average in both recruit-

ment scenarios (Figure 2). Under an asymptotic selectivity as-

sumption, if large individuals are absent from the catch, both

assessment methods estimate F to be higher than the truth and

SPR lower than the truth. LIME estimated SPR to be almost zero.

Results from Scenario 3 were similar to Scenario 1 since both sce-

narios put higher weight on length compositions consisting of

mainly juveniles or smaller individuals than the full span of vul-

nerable fish.

Under Scenario 2, sampling the same number of individuals

by gear type, LBSPR and LIME estimated SPR higher than the

truth, particularly when the OM did not consider recruitment

variability. When considering recruitment variability, LBSPR was

positively biased, although LIME was less biased, but less precise.

Under these scenarios, the proportion of large individuals in the

catch was over-represented, leading to the EMs estimating higher

SPR values than expected. The same overestimation of SPR oc-

curred in Scenario 5 using the fleet that targets adults when no re-

cruitment variability was included in the OM due to the

proportions of large individuals in the catch. However, as was

shown under perfect equilibrium conditions (Supplementary

Table S3), LIME tends to be less biased when large individuals are

in the samples.

LBSPR was less biased in Scenario 4 when considering only the

fleet with an asymptotic selectivity that captures a broad range of

sizes (from juveniles to adults), while LIME was less biased under

the scenarios with recruitment variability when considering the

fleets with gears that selected mainly adults in Scenario 5

(Figure 2). We observed that, in many cases, even under equilib-

rium conditions (Supplementary Table S3), LIME estimated

higher selectivity parameter values, S50 and S95, and lower SPR

values than LBSPR. This is probably the reason why LIME per-

forms better when using fleets that target large fish and why

LIME SPR estimates are lower than LBSPR SPR estimates when

using the same data.

Assessments of small scombrids in the Atlantic Ocean
Based on simulation testing, none of the scenarios produced the

best performance for both EMs (LIME and LBSPR) simulta-

neously. LBSPR performed best in Scenario 4, which used the

length data coming from the fleet with an asymptotic selectivity

targeting a broad range of lengths. LIME, however, performed

better in Scenarios 5, where mainly adults were represented in the

catch. So, based on these results, we decided to apply both LIME

and LBSPR using the length composition data from small scom-

brids from the fleet that has a broader range of sizes including

adults, but not restricted to the adult portion of the catch. The

gears used then varied among small tuna stocks (Figure 3).

The length composition data for each stock by gear, filtered by

year–gear combinations with at least 100 length measurements,

varies among areas. These differences likely stem from variable

fleets operations in each region. Length composition data for little

tunny are available for two gears in the Northwest Atlantic, but

rod and reel has more representative sampling by year and length

range compared to traps (Supplementary Figure S5). In this case,

we used length data only from rod and reel to assess this stock

(Figure 3). For little tunny in the Northeast Atlantic, we selected

the length data coming from traps since they cover a broader

range of ages including adults, despite the fact that there are no

data in 2011. For little tunny in the Mediterranean, we used

length data from longlines; for the Southeast Atlantic, we used

data from gillnets (Supplementary Figure S5and Figure 3). For

wahoo in the Northeast, we used the length composition from

handlines since it was the only information available; we used rod
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Figure 2. RE for the five scenarios tested (S1–S5) for LIME and
LBSPR compared to the OMs with (right column) and without (left
column) recruitment deviations.
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Figure 3. Length distribution (in cm) included in LBSPR and LIME models by stock. Species codes: LTA, little tunny; WAH, wahoo; BON,
bonito; FRI, frigate tuna. Stock area codes: NE, Northeast; SE, Southeast; NW, Northwest; Med, Mediterranean Sea. Gears code: RR, rod and
reel; HL, handline; PS, purse-seine; TP, trap; LL, longline; GN, gillnet.
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and reel data for the Northwest. For bonito in the Mediterranean,

we used length data coming from longlines, such as for little

tunny in the same area. Finally, for frigate tuna in the Northeast

and Southeast, we selected the length data coming from purse-

seine fisheries (Supplementary Figure S5 and Figure 3).

For some small scombrid stocks, the SPR estimates were below

the target of 40%, but the results varied between assumptions

about M and the estimation method considered (Figure 4).

LBSPR and LIME predicted different values of SPR; the estimated

values were sometimes far apart, such as for bonito in the

Mediterranean and in the Northeast (e.g. 0.2 with LIME and 0.6

with LBSPR). LIME estimated a higher F and lower SPR than

LBSPR (Supplementary Figure S7). In contrast, for bonito in the

Northeast, LIME estimated a higher selectivity ogive, lower F, and

higher SPR than LBSPR. For 2014, LIME estimated high recruit-

ment; the small individuals in the catch were attributed to the re-

cruitment spike, as opposed to LBSPR, which interpreted the

small individuals as a high F (Supplementary Figure S7). As

expected, when M was assumed to be lower than in the base case

scenario (median M), the SPR estimations were lower (Figure 4).

SPR for little tunny in the Southeast was below 0.40 in all

cases, except when LIME assumed a high M, which resulted in a

SPR estimate of 0.70 (Figure 4). Assuming the median value of

M, LBSPR predicted a very high F and SPR values below 0.20 for

the entire time-series. LIME also predicted low SPR values,

around 0.30, and a much lower S50 than LBSPR (Supplementary

Figure S8). The results of LBSPR and LIME were more similar for

little tunny in the Northwest, Mediterranean, and Northeast

Atlantic (Supplementary Figure S8). SPR for these stocks were

above the 40% target reference point. For little tunny in the

Mediterranean, the ratio between F/M is high (above 2), even

though SPR is above 40%.

SPR estimates for both LBSPR and LIME for wahoo in the

Northwest were below 40% (except in the high M scenario with

LIME). LIME predicted very high F/M and SPR below 40%, ex-

cept when assuming a higher M for wahoo in the Northeast. In

both the Northwest and Northeast, LIME predicted a higher S50

and a lower SPR than LBSPR (Supplementary Figure S9). None

of the frigate tuna stock assessments estimated SPR below 40%,

except with LIME in the low M scenario where SPR was estimated

at ca. 20% for the Northeast and Southeast stocks (Figure 4 and

Supplementary Figure S10). Table 3 summarizes the status of the

ten small Scombrids stocks assessed under the base-case scenario,

considering the median of the M distribution.

Discussion
Length data in multifleet fisheries
We showed how stock assessment results could be highly biased

when using only one gear that is not representative of the length

composition of the exploited population, particularly when the

assumptions of asymptotic selectivity are violated (e.g. albacore

length data coming from bait boat and troll fisheries targeting

juveniles with dome-shaped selectivity). In this case, high catches

of smaller individuals resulted in an under-representation of the

proportion of adults in the population, estimating a lower SPR

value than the actual value. Even if the asymptotic selectivity as-

sumption is met (i.e. albacore length data coming from longline

fleets targeting adults), SPR was overestimated. Hordyk et al.

(2015) suggested that when there are multiple fleets targeting the

same stock, the LBSPR model should be applied to the data from

the fleet that targets the adult portion of the stock. However, we

found that SPR estimates were positively biased when fish are

caught after reaching the size at maturity L50 (Supplementary

Table S3). In all the scenarios analysed by Hordyk et al. (2015),

the S50 was lower than the L50, but in our Scenarios 5 and 6, the

S50 was higher than L50, explaining why they did not find this bias

in their results. SPR estimates are primarily determined by the

size of the fish in a sample relative to both size at maturity L50

and L1. In our Scenario 4, where the S50 was lower than the L50,

LBSPR was less biased, as we also showed assuming perfect equi-

librium conditions (Supplementary Table S3).

Rudd and Thorson (2018) tested the performance of LIME un-

der LBSPR’s own OM (Hordyk et al., 2015), with relative ages

based on the M/k ratio. They found that LBSPR performs well

across all life history types, but LIME underestimated SPR for the

medium- and longer-lived life history types and overestimated

SPR for the short-lived life history type. However, in most of the

non-equilibrium scenarios, LIME performed better than LBSPR.

We also found in most of the scenarios considered that LIME es-

timated a lower SPR than LBSPR for this medium-lived albacore

tuna. Also, we showed how, even under equilibrium conditions,

that different OMs structures can show biases in the performance

of the EMs (Supplementary Table S3).

Based on our results, we recommend that, when there are

multiple fleets with different selectivity patterns targeting one

stock, and the length-based estimator assumes asymptotic

selectivity, length-based models should be applied to the length

data coming from the fleet that targets the broadest range of

sizes including adults, but not restricted only to the adult

portion of the catch. In particular, it is important to include

juveniles because SPR estimates improve when the catch length

sample is representative of the length composition of the entire

exploited population.

Small scombrids stock status
LBSPR estimates of SPR, selectivity parameters, and the ratio of

fishing mortality to natural mortality (F/M) are independently

determined each year. However, LIME includes length composi-

tion data available for multiple years in the same model to esti-

mate a single selectivity curve for all years, but fishing mortality

and recruitment can vary among years. Therefore, assumptions

and model structure are different between LIME and LBSPR,

Table 3. Summary of stock status for small scombrids in the
Atlantic Ocean.

Species Stock

LBSPR LIME

SPR CI_low CI_up SPR CI_low CI_up

Little tunny Southeast 0.13 0.12 0.13 0.27 0.03 0.51
Bonito Northeast 0.23 0.20 0.27 0.71 0.37 1.06
Wahoo Northwest 0.37 0.23 0.51 0.29 0.27 0.31
Wahoo Northeast 0.55 0.48 0.62 0.38 0.34 0.43
Bonito Mediterranean 0.59 0.47 0.70 0.22 0.15 0.28
Little tunny Mediterranean 0.66 0.57 0.74 0.62 0.54 0.71
Little tunny Northwest 0.66 0.60 0.72 0.48 0.40 0.56
Frigate tuna Southeast 0.79 0.78 0.80 0.53 0.49 0.57
Frigate tuna Northeast 0.83 0.81 0.84 0.46 0.44 0.48
Little tunny Northeast 0.90 0.83 0.96 1.00 1.00 1.00

SPR is shown for both models, LBSPR and LIME, with the lower (CI_low) and
upper (CI_up) confidence interval for the base model (median M).
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leading, unsurprisingly, to different results on the proxy of the

stock status for small scombrids.

We did not find a specific pattern in exploitation status

among regions (Figure 4) as regions in the Atlantic Ocean

showed comparable stock status. Although some combinations

of stock assessment model and natural mortality rate resulted in

differing estimates of stock status, the approaches agreed under

the base scenario with median M that two stocks out of ten are

overfished: the little tunny in the Southeast and wahoo in the

Northwest.

Little tunny
The length composition data for little tunny in the Northeast and

Northwest Atlantic from purse-seiners were very similar and both

assessment methods indicated that these stocks are above stock

status targets (SPR > 0.4). However, for little tunny in the

Southeast, most of the fish caught were below the length at matu-

rity and, in most of the scenarios, this stock was estimated to be

overfished. These results agree with a preliminary qualitative risk

assessment analysis performed for small scombrids in the Atlantic

Ocean considering two populations, north and south. The south-

ern stock was found at high risk, while the northern population

was found at moderate risk (Lucena-Frédou, Frédou, et al.,

2017). This species has an estimated maximum age between

8 and 10 years (Cayré and Diouf, 1980) and an estimate of L1 be-

tween 86 and 117 cm. Adults of this species (>60 cm) in the

Southeast are scarce in the length composition leading to low

estimates of SPR. Along with bonito and frigate tuna, this species

is one of the most captured among all small scombrids in the

Atlantic Ocean (ICCAT, 2018).

Bonito
In the base-case scenario, bonito in the Northeast was estimated

to have a SPR below target reference points (SPR < 0.4) with

LBSPR, but not with LIME. The opposite was observed in the

Mediterranean, where LIME estimated a lower SPR than LBSPR.

Rudd and Thorson (2018) found that LIME generally estimated a

higher SPR than the truth for short-lived fish in a yearly time-

step. A monthly time-step could be considered in the future for

this species to test for sensitivity to this assumption since the life

span for this species is 5 years (Baibbat et al., 2016).

Previous data-limited assessment methods were applied for

bonito in the Northeast using Morocco landings data between

2012 and 2014. A Powell–Wetherall plot approach was used to

explore changes in total mortality based on length samples and

catch-curve analysis using lengths converted to age and cohort

slicing (Ahmed et al., 2015). Assuming M ¼ 0.2, they found that

fishing mortality is twice this value and suggested that this stock

might be fully exploited. The M values used in this study were

>0.2 in all cases, so using such a low value for M could give simi-

lar results as in Ahmed et al. (2015). However, for this short-lived

species, we assume natural mortality should be >0.2 (as is typical

for other short-lived species).

This species is the most captured among all small scombrids

(ICCAT, 2018), but the biological information as well as the

length composition data available are highly fragmented and vari-

able. Our results should be analysed with caution; as better data

becomes available, these stocks should be re-evaluated. This

should be a high priority item for ICCAT.

Frigate tuna
In almost all scenarios, the stocks were estimated to be >40%

SPR. However, assessments for the Northeast stock always esti-

mated lower SPR values than for the one in the Southeast. Again,

these results matched the preliminary risk assessment for small

scombrids in the Atlantic Ocean, where stocks in the south are at

lower risk than the ones in the north (Lucena-Frédou, Frédou,

et al., 2017). However, both F and SPR estimates in the Southeast

should be considered with caution, since some of the results are

in the low-right quadrant at F, close to 0 and SPR close to 1 with

very high uncertainty. In particular, for LIME, this could indicate

an unconverged model (Supplementary Figure S8). If F was esti-

mated to be close to 0, it is likely that the life history information

is inaccurate because we know the F is not 0 since fishing is oc-

curring. L1 might be too low, so both models would estimate no

fishing if the observed lengths are very close to the asymptotic

length. The growth parameters should be discussed again at the

next small tuna group meeting to consider different life history

values for this stock.

Wahoo
Both LIME and LBSPR estimated low SPR values for the

Northwest stock, suggesting that this stock is overfished. In the

Northeast, only LIME in the base case and low M scenarios esti-

mated that this stock is overfished, but not LBSPR. In the South

Atlantic, wahoo has been categorized as high risk, and no assess-

ments are available for this stock. This species, along with bonito,

should be considered as a priority to assess by ICCAT.

Future directions
We estimated for the first time a proxy of current stock status for

ten stocks of the small scombrid group of species in the Atlantic

Ocean. This is a very important starting point in the estimation

of stock status for these species, but the wide uncertainty in esti-

mates combined with differences in results between LBSPR and

LIME demonstrate that data-poor methods are not substitutes

for more data-intensive assessment techniques. ICCAT still needs

to support the collection of improved life history information,

length data from all fishing gears, and total removals for these

stocks and associated fishing data. While collecting such informa-

tion in small coastal fisheries is challenging, particularly for catch

and effort data, it is important to develop indices of abundance.

A full assessment might return estimates with higher precision, al-

though it does not mean that it would be more accurate than the

estimates provided here. Data collection should focus on filling

gaps and improving existing biological information, particularly

for stocks such as little tunny in the Southeast Atlantic, where

data were borrowed from the Northwest Atlantic stock. Also,

ICCAT should emphasize the importance of obtaining length

data across the different gears, particularly those that cover a

broad range of sizes. For example, wahoo in the Southwest

Atlantic were excluded from the analysis because they are targeted

by multiple fleets, but length data are available only for one gear

(gillnets) and using only this data could bias the results.

LBSPR and LIME, like all age- or length-based methods, are

sensitive to misspecifications of the inputs of life information

(Hordyk et al., 2015; Kokkalis et al., 2017; Rudd and Thorson,

2018). Sensitivity tests in these studies demonstrated the impact

of the misspecification of biological parameters. Quantification of

uncertainty is one of the next steps in the evaluation of these
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small scombrid stocks, not only for M, but also for other growth

and maturity parameters, to provide support for local biological

studies of these species. To account for the uncertainty in the bio-

logical parameters with the current information available in the

Scombridae database (Juan-Jordá et al., 2016), a Monte Carlo al-

gorithm could be applied in specifying prior distributions for life

history parameters (Prince et al., 2015) for this group of species.

Small scombrid fisheries in the Atlantic Ocean are medium- to

small-scale, data-limited, and generally unassessed, with a lack of

management and enforcement, with the exception of some

regions in the Northwest Atlantic, such as in the United States.

Determining stock status is the first step to protect these stocks

from being overfished and to apply management measures to re-

build overfished stocks. Since stock status for these species is

highly uncertain, simulation testing is needed to evaluate differ-

ent management procedures accounting for data and model un-

certainty in a management strategy framework. Management

strategy evaluation could be used to develop robust management

frameworks for such stocks, e.g. using the data-limited methods

toolkit (Carruthers and Hordyk, 2018).

Conclusions
This study analysed different approaches using length-based,

data-limited assessments when length composition data come

from fisheries with multiple gears with different selectivity pat-

terns. An aim of this study was to evaluate how to use length

composition data from multifleet fisheries to estimate stock status

for small scombrids. We recommend that length-based models

should be applied to the length data coming from the fleet that

targets the broadest range of sizes, including juveniles and adults

when the data are available. Even though the results observed

here can be applied to other multifleet fisheries, the results show

biases under different selectivity assumptions for the simulated al-

bacore population, so further simulation testing for data-poor,

multifleet fisheries with variable life history, selectivity, and ex-

ploitation patterns should be explored.

Small tunas are an important social and economic resource for

many coastal communities; however, most of these stocks have

not been assessed, and their status is unknown. This work is,

therefore, an important first step in developing management

plans, particularly as the evaluation of uncertainty recognizes

where data are needed to identify stock status and reduce risks of

overfishing. Little tunny in the Southeast and wahoo in the

Northwest are overfished, despite the method and M used, which

confirms the previous perception of ICCAT. These species have

already been assigned priority, given their social-economic im-

portance and also considering that they were two of the top three

stocks at risk in the Atlantic Ocean, hence deserving most of the

managers’ attention (SCRS, 2018). For the Southeast little tunny,

life history parameters for the given “stock” are not available, and

data used within this study were borrowed from other areas,

which may hamper our analysis. This species should be certainly

considered as a priority for data collection within the small tuna

group within ICCAT. For the Northwest wahoo, although life his-

tory parameters are available, length composition is only available

for rod and reel, which may not include the majority of size clas-

ses. For both species, ICCAT has already developed a research

programme to address knowledge gaps regarding size data and bi-

ological parameters (from both biological sampling and tagging

programmes).

Supplementary data
Supplementary material is available at the ICESJMS online ver-

sion of the manuscript.
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Boustany, A., Die, D. J., Elfes, C. et al. 2011. High value and long
life—double jeopardy for tunas and billfishes. Science, 333:
291–292.

Cope, J. M. 2017. Natural Mortality Estimators—The Barefoot
Ecologist’s Toolbox. http://barefootecologist.com.au/shiny_m
(last accessed 1 April 2018).

Diouf, T. 1980. Peche et biologie de trois Scombridae exploités au
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