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ABSTRACT: Natural mortality, M, is a key parameter for the assessment and management of living
resources but is difficult to observe directly. Therefore, M is often estimated indirectly from life
history traits, and it is typically assumed to be invariant over size, age, and time. Such indirect esti-
mators are particularly relevant for data-poor species, including many elasmobranchs (sharks,
skates, and rays). However, as commonly used estimators were developed largely with teleost
(bony fish) data, their performance for elasmobranchs is currently unknown. Here, we show that
the relationship between observed maximum age, t,.x, and mean adult M is not significantly dif-
ferent between teleosts (n = 105) and elasmobranchs (n = 15). Furthermore, data on 16 teleosts
and 2 elasmobranchs suggest that juvenile M can be estimated from adult M when juvenile M is
inversely proportional to body length and when a reference length can be provided. We introduce
this reference length as the length at the age after which Mis assumed to be constant and demon-
strate how it can be estimated using the von Bertalanffy growth function and the proportion sur-
viving to t,ay, Which is shown to be approximately 1-2%. The data utilized here also suggest that
if thax 1S unknown it can be estimated from growth information by assuming that 99% of the
asymptotic maximum length is reached at .. Based on these life history parameters, the same
indirect M estimators can be utilized for teleosts and elasmobranchs, which may contribute to
more reliable assessments of data-poor species.

KEY WORDS: Adult survival - Juvenile survival - Natural mortality - Life expectancy - Longevity -
Growth - von Bertalanffy - Shark

1. INTRODUCTION

Globally, many overexploited marine species are
lacking scientific assessments, which hampers sus-
tainable use and effective conservation (Dulvy et al.
2014, Costello et al. 2016, Simpfendorfer & Dulvy
2017). This lack of information is also reflected by the
proportion of species listed as Data Deficient on the
IUCN's Red List of Threatened Species for marine
taxonomic groups that are of major conservation con-
cern. Within these groups, elasmobranchs (sharks,

*Corresponding author: manueldureuil@gmail.com

skates, and rays) have the highest proportion of data
deficiency, at 47% (Dulvy et al. 2014; www.iucn
redlist.org). In such situations, one solution to gain
knowledge critical for species’ assessments is to inves-
tigate whether common ecological principles across
taxa allow for information to be shared between
data-rich and data-poor species (Kindsvater et al.
2018). This is common practice, for example, when
estimating the natural mortality rate, M (Pauly 1980,
Hoenig et al. 2016). M is a highly influential parame-
ter in many stock assessments and usually expressed
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as an instantaneous rate of decline within an expo-
nential decay model:

N, = Ny x e l(M+F)xt (1)

where N, is the number of individuals at time £ (years),
N, is the initial number of individuals, M is the instan-
taneous rate of natural mortality, and Fis the instan-
taneous rate of fishing mortality (both M and F given
in yr'!), with the sum of M and F adding up to the
total mortality rate, Z. M is often required in the esti-
mation of many important parameters, such as the
prediction of catch and abundance (Haddon 2011)
and the intrinsic rate of population increase (Simpfen-
dorfer 2005, Pardo et al. 2018) or rebound potentials
(Smith et al. 1998). In particular, M affects key refer-
ence parameters in fisheries, such as optimal exploita-
tion rates, resilience, and productivity (Maunder &
Wong 2011). For example, M has been widely used in
fisheries management as a proxy for the level of F
that produces maximum sustainable yield (Gulland
1971, Zhou et al. 2012). Furthermore, inaccurate rates
of M can influence predicted stock size, especially
when it is overestimated (Sims 1984, Johnson et al.
2015). Higher rates of M translate to higher esti-
mated stock sizes (Cheilari & Ratz 2009) and refer-
ence points (Cheilari & Ratz 2009, Maunder & Wong
2011), and underestimated rates of F (Cheilari & Ratz
2009). Consequently, incorrect M estimates can result
in biased estimates of stock status (Clark 1999), in-
creasing the risk of mismanagement.

Ideally, M is estimated empirically via direct meth-
ods, i.e. from mark-recapture tagging data (Hoenig
et al. 1998), telemetry data (Heupel & Simpfendorfer
2002, Knip et al. 2012), catch curves used to estimate
Zin unexploited, newly exploited, or very lightly ex-
ploited populations (Simpfendorfer 1999), or by extra-
polating M from Z and fishing effort (Pauly 1984). In
very data-rich situations, M can also be estimated
within stock assessments (Lee et al. 2011). However,
these methods have limited applicability for data-
poor groups, including many elasmobranchs.

Alternatively, indirect methods to estimate M have
been developed, which utilize a relationship between
the M and other life history traits. For example, Hoenig
(1983) showed that in an unexploited population with
no F, Eq. (1) can be reformulated to yield the follow-
ing linear predictive equation:

loge(M) = BO + Bl X loge(tmax) (2)

where 3, and B, are constants (the intercept and slope)
to be estimated from a linear regression model, and
tmax 1S the maximum age observed. Hence, a relation-
ship can be developed empirically across species for

which directly estimated rates of M (e.g. from catch
curves in unexploited populations) and observed .
are available. This relationship can then be used to
obtain an estimate of M indirectly in species where
M is unknown and cannot be estimated via direct
methods, but for which t,,, or any other life history
parameter suitable to estimate M, is known. Many of
these indirect M estimators have been developed
(see Kenchington 2014 for a review) and generally
require information on t,., (Hoenig 1983, Then et al.
2015), age at maturity (t,;) (Jensen 1996), or growth
(Pauly 1980, Jensen 1996, Then et al. 2015).
Additionally, many indirect methods typically as-
sume that M is a constant that is independent of age,
size, and time, which is also a common assumption in
fisheries assessments (Vetter 1988). While age and
size independence might well be a valid assumption
during the adult phase (Brodziak et al. 2011, Deroba
& Schueller 2013, Johnson et al. 2015), it may not
hold for juveniles, which can experience substantially
higher mortality rates than adults in both teleosts
(bony fish) and elasmobranchs (Peterson & Wrob-
lewski 1984, Chen & Watanabe 1989, Lorenzen 1996,
2000, Gruber et al. 2001, Gislason et al. 2010, Heupel
& Simpfendorfer 2011). In response, indirect methods
relating life history parameters to age- and size-
dependent M rates have been developed (e.g. Peter-
son & Wroblewski 1984, Chen & Watanabe 1989,
Lorenzen 1996, 2000, Gislason et al. 2010).
However, to date, both invariant and variant esti-
mators for M have almost exclusively utilized infor-
mation from teleosts, although the development of
taxon-specific alternatives has been suggested (Ken-
chington 2014). In contrast to many teleosts, elasmo-
branchs are more generally characterized by low M
rates, slow growth, late maturity, low fecundity, ex-
tended reproductive cycles, and longer lifespans
(Hoenig & Gruber 1990, Cambhi et al. 1998, Cortés
2000, Dulvy et al. 2014), similar to marine mammals
(Smith et al. 1998). Therefore, it has been proposed
that M estimators derived from cetacean (whales,
dolphins, and porpoises) data can be used for elas-
mobranchs (Cortés 1998, Simpfendorfer et al. 2005),
an approach that has been applied to several species
(Cortés 1998, McAuley et al. 2007, Heupel & Simpfen-
dorfer 2011, Hisano et al. 2011, Liu et al. 2015, Lessa
et al. 2016, Yokoi et al. 2017, Queiroz et al. 2019). Yet
the lack of adequate data has prevented detailed
investigation of the performance of these indirect M
estimators for elasmobranchs (Kenchington 2014).
Here, updated adult and juvenile databases for
marine elasmobranchs and teleosts, with rates of M
estimated from direct methods and associated life
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history information, were assembled. Original sources
were carefully checked before extracting the direct
M estimates. In addition, newly collected or previ-
ously unconsidered data were analyzed for elasmo-
branchs, combined with an extensive literature re-
view, to obtain a larger sample of directly estimated
M rates for this group. On this basis, an empirically
updated M estimator was developed to investigate if
taxon-specific estimators are required for teleosts
and elasmobranchs. Furthermore, various indirect
methods which estimate rates of M from other life
history parameters were compared to the direct esti-
mates from the updated databases, for both juveniles
and adults. Overall, our analyses aim to aid improved
assessments and scientific management of data-poor
species.

2. MATERIALS AND METHODS
2.1. Data

Two updated M databases were developed: one for
adult elasmobranchs and teleosts (see Table S1 in
Supplement 1 at www.int-res.com/articles/suppl/m667
pl13_suppl.xlsx), and one for juveniles (Table S2).
These databases contain direct estimates of M as
well as associated life history information required
by many indirect estimators. All parameters were
standardized to the same units. Rates are given in yr,
ages are given in years, and length is given in cm
total length (TL) throughout. When TL was not avail-
able, it was estimated from length-length relation-
ships using the provided length type.

2.1.1. Adult M data

Adult M is defined here as a constant average
annual instantaneous mortality rate of adult individ-
uals. For teleosts, direct estimates of M were obtained
from peer-reviewed literature by carefully checking
and consulting the original sources utilized in a re-
cently published extensive database (Then et al.
2015). The following selection criteria were applied:
(1) only M values from wild populations derived via
direct methods in the original source, and from mar-
ine species for which the majority of data used to esti-
mate M came from adults, were considered; further-
more, estimates were excluded that (2) were unreliable
(e.g. Z was smaller than M; M was based on expert
opinion; M was derived from mark-recapture meth-
ods that did not consider immigration and emigra-

tion, tag loss, reporting rate, or tagging mortality); (3)
were considered unreliable or questionable by the
authors in the original study; (4) were based on esti-
mates of Z, and assumed Z = M, but the level of
exploitation was unknown or the population was
exploited and could not be considered very lightly
exploited; and/or (5) had no estimate of correspon-
ding t,.x available. If the authors of the present study
were aware of revised M estimates based on more
and/or updated data, those estimates were used. Ex-
cluded references along with an explanation are pro-
vided in Table S3. Sex-specific M estimates were
preferred over combined estimates, given that the
other life history parameters were also available for
each sex. In the absence of sex-specific information,
the average M across both sexes was taken. If several
direct methods were applied or the study gave sev-
eral direct M estimates and the authors did not
specifically exclude the validity of a method or esti-
mate, the average across methods or estimates was
calculated. We also used the average when a study
gave several M estimates from a single unexploited
population but from different areas.

For elasmobranchs, an extensive literature search
including grey literature (such as government re-
ports) was conducted to gather any additional infor-
mation not yet included in previous work. Direct M
estimates for elasmobranchs were also obtained from
newly collected data and published data not previ-
ously considered to estimate M. Published estimates
for which updated information was available were
re-analyzed. When sample size was sufficient, M was
estimated for males and females independently. One
value of elasmobranch M reported in Knip et al.
(2012) that was extremely outlying was excluded
from the analysis (see Fig. S1 in Supplement 2 at www.
int-res.com/articles/suppl/m667p113_supp2.pdf).

2.1.2. Juvenile M data

Juvenile M is defined here as an annual instanta-
neous mortality rate estimated at a certain length,
age, or weight representative for a juvenile individual.
Direct estimates of juvenile M were obtained from an
extensive literature search, applying the same crite-
ria as described above. In addition, only directly esti-
mated mortality rates at a juvenile length, weight, or
age and estimated per 1 yr (with units yr!) were
included to avoid extrapolation. Juvenile M esti-
mates that were lower overall than adult M estimates
were not considered, because all tested methods
assume a declining rate of M with age, length, or
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weight. Generally, the underlying samples consisted
of juvenile individuals with various length or age
classes, and therefore juvenile M refers here to the
instantaneous M at a mean length. If not provided in
the original source, the mean length at juvenile M
was calculated as the mean between the minimum
and maximum length in the sample. If an age range
was given instead, then length was calculated using
the von Bertalanffy growth function (von Bertalanffy
1938):

L =L,—(L,—-Lo)e ¥ = L, x(1-e ki-ho)) 3)

where L, is the length at age t, L, is the length at age
0, L., is the asymptotic length, k is a curve parameter
describing how fast L. is approached, and {, is the
theoretical age at zero length. L, can be obtained
from t,, as:

Ly=L.x(1—ekx) (4)

2.1.3. Life history data

Life history information on observed t,,,,, von Berta-
lanffy growth parameters, and ¢, were extracted
from the same original study that estimated M val-
ues, if possible, or obtained from a literature search.
Only information from the same population was con-
sidered, and similar time periods and locations were
preferred. If £,, was not available, but length at matu-
rity (L;;) and growth information were available, then
tm was calculated using a rearranged von Bertalanffy
growth function:

(Le. = Lo)
loge ————
(L. — Lt) ( L ) )
f=——= =] 1-— |/ k+t
k Oge Lm 0

where t = t,, and L; = L,. Likewise, if L, was not
available but ¢, and growth were available, then L,
was estimated using the von Bertalanffy growth
function (Eq. 3). For some bony fish where larvae are
exceedingly small at birth, length at birth was as-
sumed to be 0 if {; was not provided. The mean envi-
ronmental temperature inhabited by the species, T
(°C), was mainly taken from Then et al. (2015) or
FishBase (Froese & Pauly 2019), if not indicated oth-
erwise in Table S1. Weight (W; in g) was calculated
from the corresponding length class (L) using length—
weight relationships (Froese 2006). If the direct M
estimate was only available for combined sexes, cer-
tain areas, or time periods, then the average of the
life history parameters was taken across the corre-
sponding sexes, areas, or time periods, if possible.

2.2. Adult M estimator

In total, 4 updated indirect adult M estimators were
developed:

(1) Given the log-linear relationship between t.y
and M (Eq. 2), a linear regression analysis of direct M
estimates versus observed ft,,; from the adult M
database was developed to estimate the parameters
Bo and B;. This estimator is hereafter referred to as
Estimator Tmax. The response variable, M, and the
covariate, t,.x, were log, transformed.

(2) Estimator Tmax requires an input of observed
tmax- In the absence of an observed value, t,,, might
be estimated from the von Bertalanffy growth function:

Fmax =%X10ge{(Lm—Lo)/[(l—X)XLw]} (6)

where X is the proportion of L, reached at f,..
Commonly, X is assumed to be 0.95 (Taylor 1958,
Ricker 1979), and the estimator with an estimated
tnax Using X = 0.95 is hereafter referred to as Esti-
mator Linf95.

(3) The proportion of L. reached at t,,x was also
calculated using all available information on growth
and observed t,., in the adult M database via:

X =[L.. - (L.. — Ly) x e kxtmax) | / L | (7

The estimated t,., with X as the median across all
species was then used as input in the Estimator
Tmax. This estimator is hereafter referred to as Esti-
mator Linf.

(4) The adult M can also be estimated from the pro-
portion of the cohort, P, that remains alive at f,.y:

—log.(P)

tmax

M = (8)

Phas often been assigned an arbitrary value of 0.01
or 0.05, while empirical data suggest a value of 0.015
(Hewitt & Hoenig 2005). Here, the P value was empi-
rically updated. First, each single P value was calcu-
lated from the corresponding directly estimated M
rate and the observed t,., in the adult M database,
P = eMxtmax) Then, the median across all individual
P values was utilized in Eq. (8). This estimator is re-
ferred to as Estimator P.

2.3. Juvenile M estimator

An updated indirect juvenile M estimator was
developed based on Lorenzen (2000), who suggested
that M scales inversely proportional with body length:

L
M; =M, T 9)
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This estimator needs a constant M rate (M,) at a
specific reference length (L) as input, along with L.
(Beyer et al. 1999) and L,, (Brodziak et al. 2011), both
proposed as reference lengths in the past. Here, this
estimator was updated using the predicted constant
adult Mrate from the Estimator Tmax as input for M,
and a newly defined reference length, the length at
the age after which M can be assumed constant: L,.
This length was derived as follows: the adult constant
M rate is related to the average life expectancy, E, in

the form:

1
M=— (10)

Now E can be defined as the average life expect-
ancy after the age at which M is assumed constant, ¢,:

E= tmax2_ ta (1 1)

It can be further defined that x is the proportion of
tnax @t which M is assumed constant:
E= tmax_(XXtmax) (12)

2

and therefore: 9

M= 2 -2 _0=9 gy
tmax - (X X tmax) tmax X (1 - X) tmax
This implies that M can be estimated from a con-
stant divided by t,.x Which is equivalent to the defi-
nition in Eq. (8):

2
(1-x) _ —log.(P) (14)

tmax tmax

M:

From this, it follows that:

i-x) loge(P) (15)
which can be solved for x:
-2 +1
¥ log.(P) (10)
and hence:
ta —(loge(P)Hjxtmax (17)

The same empirically derived P as in Estimator P
was used here, i.e. the median across all calculated
proportions based on the information in the adult M
database. Finally, L;, was obtained from £, via the von
Bertalanffy growth function. This estimator, with L,
as a reference length, is referred to as Estimator Lta.

2.4. Evaluation of estimators

The linear regression assumptions underlying the
indirect adult M estimator (Estimator Tmax) were

evaluated using several well-established methods.
Fitted values were plotted against the residuals to
check for homogeneity of variances. Then et al.
(2015) implied that the independence of observations
assumption of linear regression might be violated
when M is estimated for the same species with infor-
mation from different locations or sexes. Therefore,
the residuals were tested on auto-correlation graphi-
cally via the auto-correlation-function (acf) plot in R
version 3.5.2 (R Core Team 2018). For this purpose,
the data for all investigated populations were ordered
for taxonomy, species, sex, and location. In addition,
a sensitivity analysis was performed. First, it was de-
termined if a combined taxa (elasmobranch and
teleost) estimator is valid by applying 3 approaches:
(1) testing if taxon (elasmobranch or teleost) as an
additional covariate is significant and if the model
improves in terms of having a lower Akaike informa-
tion criterion (AIC) value; (2) comparing the Estima-
tor Tmax parameters for combined taxa with the
parameters from linear regression models for each
taxon; and (3) comparing the Estimator Tmax para-
meters with the parameters from a linear regression
model that only utilized information from species
where t,.x = 3 yr, because elasmobranchs attain
higher maximum ages than teleosts (Nielsen et al.
2016). A tynax of 3 yr was selected because 3 yr is
among the lowest reported values of t,.x in elasmo-
branchs (Cailliet & Goldman 2004). Second, it was
determined if the use of (ordinary least squares) lin-
ear regression is valid by comparing the Estimator
Tmax parameters with the parameters obtained from
other linear regression techniques: (1) robust linear
regression to investigate if a few observations have a
high influence through the assessment of robustness
weights computed in the fitting process, using the
command ‘rlm’ in the R package 'MASS' (Venables &
Ripley 2002); (2) major axis regression (a special case
of orthogonal regression or errors-in-variables re-
gression), which minimizes a different loss function
than the sum of squared residuals to take into ac-
count that the covariate f,.y is technically also meas-
ured with error (i.e. also random), using the R pack-
age ‘'lmodel2’ (Legendre 2018). Furthermore, to
evaluate indirect M estimates obtained from Estima-
tor Tmax against M estimates obtained from direct
methods, 10-fold cross validation was used to obtain
an out-of-sample prediction error (Then et al. 2015,
Hoenig et al. 2016) via the 'DAAG' package (Main-
donald & Braun 2015). Here, the data were split into
10 random subsets; each subset was then excluded at
a time so the remaining data points were used to re-
fit the model to predict the excluded observations.
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Hoenig et al. (2016) and Then et
al. (2015) also suggest that the
hierarchical nature of the data
has to be taken into considera-
tion, as this can violate assump-
tions of independence. We con-
sidered mixed-effect models

Table 1. Indirect estimators of adult natural mortality (M; yr!) based on maximum age
(tmax; YeArs), age at maturity (t,; years), von Bertalanffy growth parameters k (yr!)
and L., (cm), and average water temperature (T; °C). All estimators are empirically de-
rived and based on direct M estimates except Jensen's (1996), which are based on life
history theory, and Cadima's (2003), which arbitrarily assumes 5 % of individuals sur-
vive to ty.x. Hoenig's (1983) t,.x estimators are differentiated by taxa (all [mollusks, fish,
and cetaceans combined], only cetaceans, or only fish). Parameters 3, and 3; were ob-
tained from linear regression analysis, P is the median survival to t,.y, and X is the

median percentage of L., at t,,x, with information taken from the updated M database

with taxonomic order as a ran-

dom intercept/slope to check for

. i1 Name Formula Reference
possible within-order depend-
ence. The results were similar Estimator Tmax M = elBo+Bix10Ge (tmax)] This study
and not significantly different HoenigAll M = el1:44-0-982x10Ge (fmax)] Hoenig (1983)
from ordinary regression, yet HoenigCetacean M = el0-941-0.873x10Ge (lnax)] Hoenig (1983)

P _ Al1.46-1.01x10ge (tmax)] ;
the small number of observa- HoenigFish M=e - Hoenig (1983)
. ThenTmax M =4.899¢,,,, 016 Then et al. (2015)
tions for many orders (7 out of Lo, (P
15 orders with only 1 observa- Estimator P M =?¢() This study
tion) does not allow fitting such . mz)x015 . .
models with confidence. We HewittHoenigP M= % Hew1tt2§cOI;I)oemg
therefore excluded random ef- | ’m(’(’; 05
. . —log, (0. )
fect models from this analysis. P0.05 M= ?7 Cadima (2003)
All updated indirect M esti- e
mators (Estimator Tmax, Esti- JensenTm M= 165 Jensen (1996)
mator P, Estimator Linf95 Esti- tm
mator Linf, and Estimator Lta) JensenGrowth M=1.5k Jensen (1996)
were compared in their per- ThenGrowth M = 4.118K073_-0-33 Then et al. (2015)
form'ance .agé'unst preVIQUSIY PaulyGrowth M = 10[-0-007-0.279xlog10(L..)+0.654xlog10 (k)}+0.463xlogio(T)]  Pauly (1980)
published indirect M estima-
. . 1 —

tors. This comparison was done | gstimator Linf95 M= e{ﬁ“*‘““‘)%[E“"%(u—f&fgsﬂm Il This study
by evaluating the accuracy and 1 Lo Ly

.. . . . . , {[}D+B1><logc[7><logc[‘”7)]} .
precision of the indirect estima- Estimator Linf M=e k (1-X)xL., This study
tors in predicting the direct M

estimates in the adult or juve-

nile M database, respectively.

For adult M, 10 more commonly applied indirect
adult M estimators were used for comparison
(Table 1). For juvenile M, comparisons were done
using 7 more commonly applied age-, size-, or
weight-dependent indirect M estimators (Table 2).
For estimators using weight instead of length, the
mean weight (in g) was calculated from mean length
using length—weight relationships (Froese 2006). For
estimators using age instead of length, mean age was
obtained from mean length using the von Bertalanffy
growth function (Eq. 5). To evaluate the performance
of the different estimators, recommendations of
Walther & Moore (2005) were followed, and scaled
measures were used. First, the relative error (in %)
was calculated:

M,-M

Relative error = ————x 100 (18)
M

where M is the reference parameter, i.e. the M value
obtained from the direct methods in the M databases,

and M is the corresponding i™" estimate from each of
the investigated estimators. Boxplots were used to
show the median and variation in the relative error
for each estimator. Then, to evaluate the perform-
ance based on accuracy and precision, 2 additional
measures were calculated, the scaled mean absolute

error, SMAE:
SMAE = mean( Mli]\:INID (19)

and the scaled median absolute deviation, SMAD, to

also evaluate a measure more robust against outliers:

2
M

SMAD = median( (20)

Smaller values for the relative error, SMAE, and
SMAD indicated better performance. Note that SMAE
and SMAD are strictly positive values, and only the
relative error can be utilized to evaluate the potential
direction of bias (overestimation or underestimation)
of an estimator.
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Table 2. Indirect estimators of juvenile natural mortality (M; yr'!), at length,

3. RESULTS

age, or weight estimators based on von Bertalanffy growth parameters k (yr™!)

and L., (cm), weight (W; g), length (L; cm), age (t; years), and age at which
senescence (the increase of mortality at old ages) commences (t; years). The

3.1. Adult M

method of Lorenzen (2000), LorL, requires a constant reference M rate (M,) at

areference length. Here, adult M estimated from Estimator Tmax was utilized
as M, and 3 reference lengths were tested: the length after which M is as-
sumed constant (L,,), the length at maturity (L,,) (Brodziak et al. 2011) and L.,

In total, 120 direct adult M estimates
for marine fish from 70 different
sources were utilized for the adult M

(Beyer et al. 1999). The method of Peterson & Wroblewski (1984), PW, was de-

rived from dry weights (in g); dry weight was assumed to be 20% of wet

weight (Cortés 2002)

database. Direct M estimates came
from 105 teleosts and 15 elasmo-
branchs from 15 taxonomic orders

Name Formula Reference within 39 families, comprising 77 and
12 different teleost and elasmobranch
Estimator Lia M, =M, Lia This study species, respectively. The direct M
L estimates came primarily from catch
LorLm M; =M,LT’n Lorenzen (2000), curves, i.e. applying a linear regres-
I Brodziak et al. (2011) sion to the log,-transformed Eq. (1) in
LorLmax M =M, Tm Lorenzen (2000), unexploited or lightly exploited popu-
Beyer et al. (1999) lations, so that M approximates Z.
LorW My, =3Ww~0.288 Lorenzen (1996) Direct M estimates ranged from 7.92 to
PW My =1.92[W - (0.2x W)]°% Peterson & Wroblewski | 0:014 ¥I''i fmo range was 0.73-
(1984), Cortés (2002) 131.5 yr in teleosts and 5.7-73 yr in
k < elasmobranchs. L. range was 4.72—
1— e klt-to) ~ =7 280 cm and k range was 2.555-
cw M= k . Chen & Watanabe (1989) | ( 034 yr-1, Of the 120 direct M and tp.,
ag+a(t—ty)+a(t—ts)> estimates, 118 estimates also had cor-
B ket responding von Bertalanffy growth
%=1-e parameters available, and 86 esti-
a, = ke k(ts~lo) mates also had t,, data available.
ay = _1 okttt Based on the updated adult M data-
) 2 base, the Estimator Tmax is given by:
t;=——LN|1-eF¥b|+¢,

k L 15 M = e[1.551—1.066><loge(tmax)] (21)

Cha M = (—) xk Charnov et al. (2013) . .
L. This estimator had a 10-fold cross
Gis M = el0:55-1.61x10ge (L)+1.44x10ge (L.} +loge (k)] Gislason et al. (2010) validation prediction error of 0.13. The

Each estimator was tested on the maximum
number of observations, whether all life history
information was complete for a particular observa-
tion or not. This process can introduce bias and
prevent a fair comparison in which outlier species
(or populations) or non-randomness would not
affect all estimators the same (Hoenig et al. 2016).
Therefore, all estimators were additionally tested
on a common database, where only direct M esti-
mates were included for which all other life history
information that are required by any of the esti-
mators were available. Furthermore, the residuals
(direct M from databases minus predicted M from
estimator) were plotted against the predicted M
from the indirect estimators to identify estimators
with better behaving error structure (Then et al.
2015).

linear relationship between M (log,
yr'!) and . (log, yr) was highly sig-
nificant (R? = 0.92, p < 0.0001; Table 3). The predic-
tions from the Estimator Tmax showed a good fit to
both elasmobranch and teleost data and when com-
pared to existing fh.x-based indirect estimators
(Fig. 1). There was no significant difference when
‘taxa’ were added as an additional covariate (p =
0.74) nor did the model improve with the same coef-
ficient of variation (R? = 0.92) and a slightly higher
AIC (Table 3). Furthermore, the linear regression for
each taxon individually and the linear regression
based on comparable f,,x only showed similar para-
meter estimates and overlapping confidence inter-
vals when compared to Estimator Tmax (Table 4).
Likewise, the parameter estimates were very similar
across linear regression techniques and all were
within the confidence intervals of the Estimator
Tmax estimates (Table 4).
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Table 3. Relationship of natural mortality (M) and maximum age (fn.x) be- The variances of the Estimator Tmax
tween elasmo}oranchs and teleosts. Shown are the estimat.ed.coefficients from predictions were homogeneous (Fig. S2),
linear regression, 95% CI and p-values for 2 models predicting adult M (log, . .

yr 1. The first model is the Estimator Tmax with only t., (log, yT) as a covari- the residuals had an approximate nor-
ate (bold). The second model has an additional covariate, taxa (elasmobranch ~ mal distribution (Fig. S3; Shapiro-Wilk
or teleost). Both models had a coefficient of variation, R? of 0.92. The model ~p = 0.05; Kolmogorov-Smirnov p <
with only £,,x as a covariate had a slightly lower Akaike information criterion 0.0001), and there was no residual

(AIC) of 100 compared to 102 for the model with t,., and taxa as covariates auto-correlation (Fig. S4). This sug-

gests that the use of the ordinary lin-
Model B 95% CI p ear regression model was appropriate.
10ge(M) = Bo + P1 x 10Ge(fnay) Intercept  1.551 1.39,1.71  <0.001 In the absence of an observed value

10ge bmay ~ —-1.066 -1.12,-1.01 <0.001 for tnay it may be estimated using the
von Bertalanffy growth function. The

loge(M) = Bo + B1 X loge(tnax)  Intercept 1.519 1.27,1.77 <0.001

+ By x taxa 10Ge tmax -1.065 -1.12,-1.01 <0.001 percentage of the L. reached at maxi-
Taxa 0.033 -0.17,0.23 0.74 mum age X was set at 0.95 for the Esti-
A — EstimatorTmax —— HoenigAll —— HoenigFish HoenigCetaceans ThenTmax
2 @
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Fig. 1. Relationships between natural mortality (M) and maximum age () in marine fish. (A) Black line: predicted relationship
(Estimator Tmax) of M and t,,. for teleosts and elasmobranchs combined. Shaded area: 95 % CI. (B) Fit of predicted M estimates
from various t,.x-based indirect estimators (colored lines) compared to the direct M estimates from the adult M database (grey
dots) for elasmobranchs (left) and teleosts (right) independently. See Table 1 for details on the different indirect estimators
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Table 4. Sensitivity analysis showing results of different linear regression models used to evaluate if the

relationship of natural mortality (M; log, yr™!) and maximum age (fyay; 10ge y) is (1) different for elasmo-

branchs and teleosts (linear regression for each taxon individually, linear regression based on compara-

ble maximum ages [direct estimates with {,.x > 3]); (2) influenced by a few values (robust regression); or

(3) influenced by errors in maximum age (model II major axis regression); t,.x was significant (p <

0.0001) for each model. The Estimator Tmax (base case) with elasmobranchs and teleosts combined is
shown in bold

Method Model 95% CI
Intercept Slope

Teleosts loge(M) = 1.550 — 1.064 x loge(tnax) 1.38, 1.72 -1.12, -1.00
Elasmobranch loge(M) = 1.583 — 1.087 x loge(tnax) 0.99, 2.18 -1.28, -0.89
Comparable t.x loge(M) =1.565 — 1.071 x loge(tnax) 1.30, 1.83 -1.16, -0.98
Robust regression loge(M) =1.557 — 1.063 x loge(tnax) 1.40, 1.71 -1.12, -1.01
Major axis regression loge(M) =1.681 — 1.115 x loge(tnax) 1.51, 1.85 -1.18, -1.06
Estimator Tmax log.(M) = 1.551 - 1.066 x loge(fnax) 1.39, 1.71 -1.12, -1.01

mator Linf95 estimator and estimated from the life
history information in the adult M database for the
Estimator Linf. For the latter, the estimated median X
was 0.988, and X did not differ significantly between
elasmobranchs and teleosts (Fig. 2A; Wilcoxon p =
0.54). Hence, the Estimator Linf is given by:

M= e{l.551—1.066X10gc[éxlogc[mﬂ} (22)

The proportion of individuals in a cohort surviving
from birth to f,. (i.e. P) was also not significantly dif-
ferent between elasmobranchs and teleosts (Fig. 2B;
Wilcoxon p = 0.36) and the median percentage of
individuals remaining alive at t,,, was 1.779 %. There-
fore, Estimator P is given by:

g = ~100(0.0178) 23)

tmax

Estimator Tmax performed best compared to all
other tested indirect methods, across elasmobranchs
and teleosts (Fig. 3A, Table 5) and among each taxon
separately (Fig. S5, Table S4). The previously estab-
lished indirect adult M estimators tend to overestimate
M, with average relative errors of up to 100 %. From
the published indirect adult M estimators, the Hoenig-
Fish estimator performed best (Fig. 3A, Table 5). Fur-
thermore, the new Estimator Tmax, Estimator P, and
Estimator Linf as well as all estimators from Hoenig
(1983) and all estimators based on P had relative
errors that were generally smaller than 50% across
all taxonomic orders (Fig. S6), with Estimator Tmax
performing generally well (Figs. S6-S8, Table S5).

To test all estimators on a common database, 34 data
points were excluded because they were lacking at
least one parameter required by any of the adult M
estimators. Based on the remaining 86 direct esti-
mates, Estimator Tmax also performed well (Fig. S9,

Table S6). A similar pattern emerged when selecting
10 points randomly from these 86 direct estimates, ap-
plying all estimators, calculating the relative error,
SMAE, and SMAD, and repeating these steps 1000
times (Fig. S10). The Estimator Tmax predictions also
showed the best residual behavior (Fig. S11).

All estimators based on f,,.x performed better than
estimators based on growth except for the Estimator
Linf, which also performed better than any other esti-
mator applicable in the absence of observed t;.

3.2. Juvenile M

In total, 18 directly estimated juvenile M rates were
obtained from 16 teleost and 2 elasmobranch popula-
tions. Direct estimates included 5 taxonomic orders
of 7 families, comprising 8 different teleost and 2 dif-
ferent elasmobranch species. The juvenile direct M
rates were estimated primarily from tagging data.
Directly estimated M ranged from 3.285 to 0.13 yr’.
The mean TL corresponding to the direct juvenile M
estimate ranged from 2.8 to 129.1 cm, L. ranged from
18.5t0 398.5 cm, and L, ranged from 11.5 to 232.5 cm,
while k ranged from 0.43 to 0.057 yr™!. Observed fy.
of species in the juvenile M database ranged from 4.5
to 30 yr. For all 18 direct estimates, all life history
parameters required by any of the indirect juvenile
M estimators were available.

Based on the juvenile M database, the overall best
L
L
with M, derived from Estimator Tmax and L, as the
reference length (Fig. 3B, Table 5). The Lorenzen
(2000) method LorLm—with M, derived from Estima-
tor Tmax but L,, as reference length —also performed
well (Figs. 3B & S12, Tables 5 & S7). The residual pat-

1

performing estimator was Estimator Lta, M = M,
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Fig. 2. (A) Percentage of the asymptotic maximum length (L.; cm) reached at maximum age (tyay; years). Dashed line: 99 % of
L. reached at t,,y; dotted line: 95 %. Medians were not significantly different for elasmobranchs and teleosts (Wilcox p = 0.54),
and the combined median is 99 %. (B) Percentage of individuals surviving from birth to maximum age (P). Dashed line: 1% P,
dotted line: 5% P. Medians were not significantly different for elasmobranchs and teleosts (Wilcox p = 0.36) and the combined
median is 1.78 %. The distribution shape of the data is shown for (A) and (B) around the boxplots —bar: median; box: 25-75 %
quantile (interquartile range, IQR); whiskers: max./min. observation <1.5x IQR above/ below box; dots: outliers

terns of Estimators Lta and LorLm showed roughly
constant variability throughout the range of the pre-
dicted M. However, the Estimator Lta predictions had
better residual behavior (Fig. S13). The weight-based
estimators all tended to underestimate M, while the
growth-based estimators tended to overestimate M
(Fig. 3B, Table 5). L;, was obtained from ¢, using the
von Bertalanffy growth function. Assuming that P is
0.018, then it follows from Eq. (17) that £, = 0.5 X tax-

4. DISCUSSION

This study investigated if the same indirect ap-
proaches to estimate M can be utilized for elasmo-
branchs and teleosts, or if taxa-specific estimators are

required. We found that combined taxa estimators
are valid and perform well among and across these 2
taxa. The best-performing indirect adult M estima-
tor, Estimator Tmax, was based on updated data and
ordinary linear regression, with &,,x as the only co-
variate. Another updated estimator also performed
well, Estimator P, where the life history data suggests
that in unfished cohorts P is between 1 and 2%
(median: 1.8 %). In addition, life history data suggest
that in the absence of observed .y, this value can be
estimated using the von Bertalanffy growth function
with the assumption that the length at t,., is at 99 %
of L.. Juvenile M rates were best estimated from a
constant adult M, by assuming that M is inversely
proportional to body length (Lorenzen 2000) and by
utilizing a newly introduced reference length, L,,.
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Table 5. Performance of indirect natural mortality (M) estimators, showing the
performance of each tested estimator to predict the direct M estimate from ei-
ther the adult or the juvenile database. Performance measures are given as
the median relative error (%), the scaled mean absolute error (SMAE), or the
scaled median absolute deviation (SMAD) error. The lowest value (best

performance) is shown in bold

Database Estimator Relative error SMAE SMAD
Adults Estimator Tmax -0.92 0.290 0.196
HoenigAll 9.61 0.352 0.220
HoenigCetaceans -12.92 0.346 0.257
HoenigFish 4.42 0.319 0.209
ThenTmax 47.61 0.714 0.476
Estimator P 0.00 0.308 0.207
HewittHoenigP 4.23 0.323 0.214
P0.05 -25.65 0.329 0.318
JensenTm 57.63 1.305 0.576
JensenGrowth 61.74 2.449 0.635
ThenGrowth 80.93 2.664 0.809
PaulyGrowth 98.32 3.089 0.983
Estimator Linf95 68.95 2.442 0.701
Estimator Linf 4.13 1.536 0.591
Juveniles Estimator Lta 0.62 0.454 0.212
LorLm -9.96 0.376 0.339
LorLmax 49.89 0.858 0.534
Lorw -34.62 0.569 0.507
PW -44.95 0.513 0.527
CwW -20.27 0.542 0.368
Cha 71.40 1.112 0.714
Gis 31.64 0.848 0.316

Although the true rate of M is
unknown and indirect estimators can
only be tested on how well they can
reproduce direct M estimates (Then
et al. 2015, Hoenig et al. 2016), some
approaches presented here appear
promising with results highly compa-
rable to direct methods. However,
most direct M estimates considered
in this study were based on catch
curves, and therefore the indirect M
estimates are most reflective of esti-
mates from the catch curve method.
Hence, the assumptions that apply to
the catch curve method should be
considered when applying such M
estimators; specifically, (1) the sample
should be representative of the entire
population, with (2) accurate age
classes for which the linear function
is fitted, and (3) equal vulnerability
to the fishing gear, and (4) constant
mortality across these age classes, as
well as (5) constant mortality and
recruitment across years if years
were pooled (Simpfendorfer et al.
2005).
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Indirect adult M estimators based on t,., achieved
the best overall results in predicting the direct M
estimate in the database. This is in accordance with
previous studies (Punt et al. 2005, Kenchington 2014,
Then et al. 2015). It has also been shown that estima-
tors including information in addition to ;. are not
better in predicting M (Then et al. 2015) and, simi-
larly, no improvement was observed here when 'taxa’
(elasmobranchs and teleosts) was utilized as an addi-
tional covariate.

The exclusion of unreliable M estimates likely
explains much of the deviation between the pre-
sented estimators here and many previously pub-
lished and empirically derived estimators (Figs. 3 &
S14). However, this explanation cannot hold for the-
oretically derived estimators. Jensen's (1996) estima-
tors are based on the ecological theory that species
are selected to maximize lifetime fecundity, using
Beverton-Holt life history invariants with M/k = 1.5.
However, the M/k ratio has been found to vary con-
siderably among different species (Prince et al. 2015,
Thorson et al. 2017), possibly explaining why the 2
indirect M estimators proposed by Jensen (1996) did
not perform well across taxa. In addition, the M/k
ratio has been reported to differ between some teleost
and elasmobranch species (Frisk et al. 2001), whereas
no evidence was found here that the relationship
between M and t,, differs between these 2 taxa.

The results presented here suggest that for marine
fish, similar proportions of individuals are surviving
to thay. In the past, arbitrary values of 1 or 5% have
been used for this proportion, while empirical data
have suggested 1.5% (Hewitt & Hoenig 2005). The
empirical data analyzed here suggest a very similar
result, with approximately 1-2% of the individuals
surviving from birth to f,.. This finding is further
supported when examining the survivors from the
age at 25% of L., (which might be used as a proxy for
the average length when offspring are born; Cortés
2000) to fnax and from &, to fhax (Fig. 4). Approxi-
mately 2% survive from the age at 0.25L., to t,,x and
5% from t,, to t,. indicating that P is likely smaller
than 5 %.

In the absence of direct observations, t,,, may be
estimated in order to predict the M rate. Approaches
that estimate {4, solely from maximum length (e.g.
Ohsumi 1979) are likely not universal, even within
taxa. For example, the oldest known whale is the
bowhead whale Balaena mysticetus, reaching ages
of more than 200 yr (George et al. 1999); however, it
is not the largest whale species. Likewise, the spot-
ted spiny dogfish Squalus suckleyi, a small species of
shark, can live for more than 80 yr (Vega et al. 2009).

On the other hand, the von Bertalanffy model utilizes
information on growth and has been used previously
to estimate t,,x. This requires an estimate for the pro-
portion of L, reached at t,,;, which has been com-
monly suggested at 95% (Taylor 1958, Ricker 1979).
The findings here indicate that this value is on aver-
age closer to 99 % for marine fish. The estimation of
tnax With the von Bertalanffy model also required a
value for the length at birth (i.e. Ly), as observed in
the wild. However, t,.,x can also be expressed by
applying the concept of half-lives. Fabens (1965)
defined t,.y as the age reached after 7.22 half-lives,
which corresponds to X = 0.9933, whereas X = 0.95
(Ricker 1979) corresponds to 4.32 half-lives. In both
examples, L, was assumed to be 0. The number of
half-lives will vary according to the value of L,
assumed; for example, Cailliet et al. (2006) assumed
Ly =0.2L, and X = 0.95, which resulted in a t;,, esti-
mate of 4 half-lives. When calculating the half-lives
with half-life = tmax x k for each of the 118 obser-
loge(2)

vations for which ¢,,, and k were present, the median
value across all observations is 5.83 half-lives. This
value is between the previously suggested defini-
tions of t,,x using the half-life concept, which would
be expected given that Fabens (1965) assumed L, to
be 0, which would result in a greater half-life value
despite a similar value for X at ~0.99.

Similar to the findings for adults, this study also
suggests that juvenile M can be indirectly estimated
using the same estimator for elasmobranchs and
teleosts. However, the results should be viewed with
caution, given the small sample size and uncertainty
associated with the data. For example, the mean TL
at the direct M estimate was only given for 3 data
points, and for one of these 3 data points, only fork
length was given so TL had to be approximated. In
most cases, the mean TL was estimated from age
using the von Bertalanffy growth function rather
than being directly observed in the study. Neverthe-
less, the presented Estimator Lta performed gener-
ally well in predicting juvenile M, with more accu-
rate predictions than any other previously published
age-, size-, or weight-dependent indirect estimator.
The Estimator Lta utilized a newly introduced refer-
ence length, L;,. This length was generally larger than
L,,, with the median ratio L;,/L,, = 1.25 (range: 0.91-
1.89), while the ratio with L., Ly, /L., = 0.72 (range:
0.48-0.92), for all 18 direct estimates. This indicates
that L, is typically larger than L, (Fig. S15), and
therefore L;, might be more closely associated with
the length at which all individuals are mature, Ly,;9o.
The corresponding value of ¢, was found to occur at
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Fig. 4. Percentage of individual teleosts and elasmobranchs surviving from (A) the age at 25% of the asymptotic maximum
length (L.,) to maximum age (f,,x) and (B) age at maturity, t;, to t,.x. Dashed line: 1% of individuals surviving; dotted line: 5%
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~0.5 thax Whereas £, generally occurs at 0.16-0.5 t.x
(Beverton 1992, Cortés 2000, Frisk et al. 2001), indi-
cating t,, < t,.

In conclusion, taxon-specific indirect M estimators
are not required for teleosts and elasmobranchs
when based on t,,,,. Such a universal M estimator has
been suggested by Hoenig (1983) for molluscs, fish,
and cetaceans combined. Hoenig's (1983) reasoning
for a combined taxa estimator, instead of using one
estimator for each of the taxa, was to use the model
with the widest range of t,.,x and the highest co-
efficient of determination. In addition, we found that
a combined taxa estimator for teleosts and elasmo-
branchs can likely be explained by the similar value
of Pin an unfished cohort (Fig. 2B), which then sug-
gests the same relationship between t,,, and M
when the numbers in a cohort decay exponentially
(Egs. 1 & 8). Therefore, a relatively simple, reliable,

and general approach can be utilized for elasmo-
branchs and teleosts in data-poor situations when
estimating adult M rates from ¢,.x. Although there is
strong evidence that M declines with increased indi-
vidual length (Peterson & Wroblewski 1984, Chen &
Watanabe 1989, Lorenzen 1996, 2000, Gislason et al.
2010), a constant M for mature individuals might still
be appropriate (Brodziak et al. 2011, Deroba &
Schueller 2013, Johnson et al. 2015). The stress of
reproduction and other intrinsic factors, such as the
accumulation of harmful mutations, may cause M
to increase at larger sizes or older ages (actuarial
senescence); however, this phenomenon is currently
not easily predictable (Brodziak et al. 2011), and
actuarial senescence was not examined in this
study. It has been previously suggested that M fol-
lows the Lorenzen curve up to L, and is constant
thereafter. This suggestion is based on the assump-
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tion that an increase in mortality after reproduction
is compensated by a decrease in mortality due
to larger size (Brodziak et al. 2011). The results
presented here suggest that size-dependent M for
juveniles can be approximated using the adult con-
stant M (Lorenzen 2000), albeit the small sample size
warrants future validation. In its minimal form, the
Estimator Linf allows size-dependent M to be
estimated from growth information alone by using
L.-L,
Fina = EXloge(u—o.gg)wa
is between 1 and 2 %. The results of this study, com-
bined with recent advances in estimating growth
(Dureuil 2019), could thus allow for relatively wide
applicability in data-poor situations. More generally,
the estimators could be used to indirectly estimate an
M rate for stock assessment purposes or to obtain
informative priors in Bayesian analyses. Also, M can
play an important role when estimating pre-distur-
bance generation length (a critical measure to assess
population reduction), to evaluate extinction risk on
the IUCN Red List of Threatened Species (IUCN
2019), and in rebuilding plans (Patrick & Cope 2014).
The presented estimators may also be applicable for
species other than marine fish if there is reason to
believe that mortality curves and P are similar across
disparate taxa or species, such as in freshwater fish,

j and assuming that P

Data-rich

Tagging (tag-recovery or capture-recapture, tag-reporting
rate, tagging mortality and tag loss)

Telemetry (long-term monitoring, fate)
Catch curves (age or growth, indices, fishing mortality)

Changes in total mortality and fishing effort (total
mortality & fishing effort series)

cetaceans, and invertebrates (Hoenig 1983, Hewitt et
al. 2007, McCoy 2008, Maceina & Sammons 2016).
The application of indirect estimators should, how-
ever, also consider some form of sensitivity analysis,
given the importance of an accurate and precise M
estimate and the difficulties in estimating M. For
example, the von Bertalanffy growth function and
information from similar species could be used to
determine if the observed t,.y, growth, and the esti-
mated M rate are biologically reasonable. Further-
more, it should be recognized that the M estimate
pertains to the time period for which life history
parameters were derived, and that M can change
over time (Deroba & Schueller 2013) and with ex-
ploitation pressure (Jorgensen & Fiksen 2010). In
addition, Estimator P is also less biased than Estima-
tor Tmaxwhen £, is highly underestimated (Fig. S16),
which can be of particular interest in elasmobranch
species with age underestimation (Harry 2018). Such
considerations are highly relevant, given the com-
plex relationships of M to life history data and vari-
ous properties relevant to fisheries management
(Fig. 5). It is hoped that the updated estimators pre-
sented here will enhance the estimation of M and
thus fisheries assessments in data-poor situations,
allowing for more species to be assessed and man-
aged based on minimal data.

Data-poor

EstimatorTmax (maximum age)
EstimatorP (maximum age)

EstimatorLinf (growth)

M estimate

—— \

Estimation of catch C and abundance N at time y
and age ¢ (Haddon 2011):

Fye

Total mortality Z or
fishing mortality '
(Haddon 2011):

Cra = Moelt = (Fy‘r‘M)]Fyr—+M Z-M+F
v Gy M) N
Y- e Be R, Fye=loge\y = )™M

Proxy for fishing
mortality that produces
maximum sustainable

yield gy, €.g. for
elasmobranchs (Zhou et
al. 2012):

Fysy=0.4M

Demographic parameters from the Euler-Lotka
equation and derivations, such as net reproductive
rate, mean generation length, population doubling

rate, or intrinsic rate of population increase r,,,,

(e.g. Simpfendorfer 2005):

rmaxe
S{mEX e T =10

with survival to age I, = l,_je™

Fig. 5. Estimation of natural mortality (M) in data-poor and data-rich stocks. Different direct and indirect methods to estimate

M are indicated along with their main data requirements. Generally, information on the population structure or emigration

rate is required across methods. The heavier-weighted line indicates that a direct approach should be preferred when re-

quired data is available. The lower 4 boxes give examples of properties relevant for assessment and fisheries management
that require an estimate of M (bold type for emphasis)
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