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Ages of Chilean jack mackerel (Trachurus murphyi) in the southern Pacific Ocean were
validated using three methods: 1) daily microincrement readings in sagittal otoliths of
young-of-the year (YOY) fish to validate the first annulus; 2) modal progression of strong
year-classes (PSYC) to validate the first, second and third annuli, and 3) bomb radiocarbon
analysis of otolith cores to validate the absolute age in older fish >38 cm fork length (FL). A
Laird-Gompertz (LG) model was fitted to fork length (cm) at age (days) relationship in fish
ranging from 3.4 to 25.0 cm FL and from 56 to 550 days in age. The LG model estimated
a mean FL of 22 cm at the end of the first year of life, which was large compared with
the mean FL estimated through conventional ageing in whole otoliths. The comparison
between daily age with annual growth bands from whole otoliths, showed a false increment
formed at 185 ± 34 days and a second translucent increment formed at 352 ± 79 days,
corresponding to the first annulus for fish with the mean FL of 21.4 ± 1.8 cm. The PSYC
coinciding with the recruits of 2008 (age 0), was tracked through three subsequent years
with high accuracy, attaining 23, 27 and 30 cm FL in 2009, 2010 and 2011, respectively.
These modes identified as age 1, age 2 and age 3 in the PSYC, matched to the mean
length of fish with 2, 4 and 5 translucent increments in sagittal otoliths. Results from
bomb radiocarbon analysis confirmed that most of the ages were correct, because the
Δ14C content of adult otolith core matched the reference chronology. The absolute mean
ages for the assayed otoliths, based on the comparison with the reference chronology,
ranged from 7 to 13 years for sizes between 39 and 60 cm FL. The age validation for
T. murphy as addressed in the current study provided crucial information for enhancing
stock assessment output of this important transboundary commercial species.
Keywords: Chilean jack mackerel, age validation, daily increment, modal progression analysis, radiocarbon
analysis, growth model
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INTRODUCTION

marginal increments were unresolvable for larger fish (Castillo
and Arrizaga, 1987; Serra and Gili, 1995). Subsequent studies
reported acceptable precision (reproducibility) of age readers
in Chile to at least Age 10 (Cerna et al., 2016), and a recent
study of age determination in T. murphy in New Zealand
waters, reported a precision level of 4.6% (average percentage
error), using transverse sections of sagittal otoliths (Horn and
Maolagáin, 2020). However, no study to date has validated the
accuracy of either the ageing method or the absolute age of CJM
in the south Pacific. Moreover, no study to date has validated first
annulus formation in this species, despite the importance of this
validation step for providing a correctly defined starting point,
without which age determinations could be consistently biased
(Campana, 2001). Validation of the first annulus in young fish
poses special problems, and counts of daily growth increments
(micro-increments) in otoliths has proven its reliability in some
species of fishes (Waldron, 1994; Campana, 2001).
Tracking strong year classes, termed “progression of strong
year-classes” (PSYC), is an age corroboration method where the
modal age of a recruitment pulse (determined through annulus
counts) is followed across subsequent years (Campana, 2001). If
the recruitment pulses are well defined and there is no appreciable
age-structured migration or natural mortality, this method can
provide a strong confirmation of annuli periodicity (Donald
et al., 1992; Campana, 2001). Although PSYC has been widely
applied on an informal basis by stock assessment biologists,
only a few studies have used it more rigorously to support the
validity of the otolith-based ageing method (e.g., Donald et al.,
1992; Morison et al., 1998). More recently, Uriarte et al. (2016)
successfully validated the age of European anchovy otoliths in the
Bay of Biscay by monitoring very strong year-classes in successive
spring catches and surveys, demonstrating the applicability of
this approach even in a small pelagic fish, where recruitment
variability can be very high.
Bomb derived radiocarbon from nuclear testing provides one
of the best age validation approaches available for long-lived
fishes, and has been used to successfully validate absolute age
in many fish species over the last three decades (e.g., Campana,
1997; Campana, 2001; Kastelle et al., 2016; King et al., 2017;
Ong et al., 2020; Passerotti et al., 2020). This method is based
on the abrupt increase in atmospheric Δ14C in the late 1950s
due to the onset of atmospheric nuclear testing (Kalish, 1993).
Thus, the period is analogous to a large-scale chemical tagging
experiment, wherein all otolith cores of fish hatched before 1958
contain relatively little Δ14C, all those hatched after 1968 contain
elevated levels, and fish born in the transition period contain
intermediate levels (Campana, 2001). Hence, if the age of capture
is determined through counts of otolith growth increments, an
assumed year of formation of the otolith core can be calculated.
If the growth increments were aged correctly, there should be a
close match between the assumed years of increase in the otolith
core Δ14C and the known period of increase from a reference
Δ14C chronology. Since there has been no appreciable decay of
radiocarbon in recent decades, the bomb radiocarbon approach
can be applied to any species where the otoliths of fish hatched
before about 1970 have been archived, such as is the case for
T. murphy.

Age determination is a key stage in the process of stock
assessment of aquatic living resources, especially in fish
populations undergoing fishery exploitation (Fowler and
Ling, 2010; Botsford et al., 2011; Siskey et al., 2016; Quist and
Isermann, 2017). Most fish age determination is carried out by
counting periodic growth bands, assumed to be formed annually,
recorded in calcified structures such as otoliths, scales, spines
and other structures (e.g., Panfili et al., 2002; Carbonara et al.,
2020; Kindong et al., 2020). Millions of hard structures are aged
each management cycle in fishery laboratories worldwide (e.g.,
Campana and Thorrold, 2001; Panfili et al., 2002; Winkler et al.,
2019), with age determination methods often varying among
species. However, different methods often result in different age
interpretations, thus requiring validation of the ageing method
to confirm its accuracy (Campana, 2001; Ong et al., 2020;
Passerotti et al., 2020). Regular comparisons within and among
age readers are subsequently needed to confirm that the annual
growth bands are being assigned consistently (e.g., MoralesNin et al., 2002; Stransky et al., 2005; Hussy, 2010; Wakefield
et al., 2017). Furthermore, in transboundary resources shared
by several countries, calibration exercises between laboratories
are necessary to ensure consistency in the age data provided for
multinational stock assessment (Power et al., 2006; Wakefield
et al., 2017).
The Chilean jack mackerel (CJM) Trachurus murphyi, is a
highly migratory and commercially important carangid, which
is widely distributed across the Pacific Ocean from southcentral Chile to New Zealand and Tasmania (Evseenko, 1987;
Serra, 1991; Elizarov et al., 1993; Arcos et al., 2001; Taylor,
2002). In the southeastern Pacific, this species occurs from the
Galapagos Islands and southern Ecuador to southern Chile.
Catches in Chile alone peaked at 4.6 million tons in 1995,
which ranked it among the world’s largest fisheries, although
catches have declined in subsequent years to 277 000 t in 2017
(Aranís et al., 2018). Since mid-1980s, the CJM has been one of
the most important commercial fishes managed since 2013 by
the South Pacific Regional Fisheries Management Organization
(SPRFMO), an inter-governmental group committed to the
long-term conservation and sustainable use of fishery resources
in the South Pacific Ocean (Parada et al., 2017). However, despite
the commercial importance of this highly migratory pelagic
carangid, key issues concerning its population biology and
ecology remain unaddressed.
Knowledge about the age composition of the CJM catches
is critical to an understanding of its population dynamics and
to the accuracy of the stock assessment, but uncertainties in
the age determination method persist (Cerna et al., 2016; Horn
and Maolagáin, 2020). All age monitoring is currently based on
external examination of whole otoliths, a method which can be
rapid but of low accuracy in many moderate and long-lived fishes
because it tends to underestimate age and longevity (Campana,
2001). The accuracy of the whole otolith ageing method was
inferred many years ago for the CJM, based on studies which
reported annual translucent zone formation in young fish each
winter based on marginal increment analysis, although the
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The objective of the present study was to apply several modern
and rigorous age validation and corroboration methods to CJM
in order to determine the validity of current ageing methods
and thus enhance the accuracy of the current stock assessment.
The age validation methods were applied sequentially so as to
confirm the correct and accurate age assignment to the key life
history stages in order of appearance: first, otolith microstructure
analysis was used to confirm the interpretation of the firstdeposited annulus; secondly, length frequency progression
analysis was used to confirm the interpretation of the first three
age classes; and, finally, bomb radiocarbon assays were used to
confirm the interpretation and absolute age of the adult fishes.

length; X0 is the inflection point of the curve and the age at which
absolute growth rate begins to decline; and α is the instantaneous
growth rate at age X0 (Campana and Jones, 1992):

Lt = L∞ exp  −exp ( −α { X − X 0 }) 
The LG model was fitted using the maximum likelihood
method, through the function “nls”, available in the stats
package of R software (Ihaka and Gentleman, 1996).

Progression of Strong YearClasses (PSYC)

MATERIALS AND METHODS

Modal PSYC was used as an alternative method to corroborate
the first and second annuli. Length–frequency (Fork Length;
FL) data at 1-cm intervals were obtained from commercial
fishery samples collected monthly January 2008 to December
2011(Figure 1; Table 1). The recruitment failures between 2009
and 2011 permitted the mode to be tracked across time. Length
frequency modes of the catch were identified using mixture
analysis, as implemented though the mixdist package for R

Validation of the First Annulus

The identification of the first otolith annulus was confirmed using
sagittal otolith microstructure in 45 juvenile CJM of lengths
between 3 and 25 cm FL. Thirty-five fish smaller than 20 cm
FL were collected aboard a scientific vessel off the northwestern
coast of Chile between December 2011 and March 2015, while
an additional 10 fish between 21 and 25 cm FL were caught by
a commercial seine fisheries vessel off the coast of central Chile
(Figure 1).
Otolith microstructure was examined in otoliths which were
mounted in epoxy resin on a glass slide and polished in the
sagittal plane using 30- µm and 1-µm grit lapping film. Otoliths
that showed a clear and uninterrupted sequence of daily growth
increments from the primordium to the postrostral edge were
photographed at various locations along the growth axis with a
QImagen Evolution 5.0 camera at 400X magnification to obtain
images with 5 mega pixels of resolution. Growth increments
around the primordium were photographed and examined
at 1000X magnification. The resulting images were combined
along the longitudinal plane of each otolith using the tiling tool
of ImagePro Plus 5.1 software (Mediacybernetics Inc., Bethesda,
MD, USA). Growth increments in fish up to 27 cm FL have
previously been validated to form daily in laboratory rearing
experiments (Araya et al., 2003; Araya et al., 2019). A distinctive
microstructural feature in the CJM otolith was the presence of
accessory primordia, which divided the sagittal plane of the
otolith into primary and secondary growth zones. In some areas
of the otoliths, sub-daily and double increments were visible and
interpreted, following the criteria of Campana and Jones (1992).
The growth increment sequence was counted in combined
images by two independent age readers at different times, and
the mean of the two records was used as the total daily age. Daily
ageing precision was calculated with the coefficient of variation
(CV) (Campana, 2001). Hatch date was calculated as the daily
age subtracted from the catch date, with the resulting hatch
date frequency distribution interpreted as an approximation of
spawning date distribution.
The Laird–Gompertz (LG) model was used to estimate the
length (Lt)-at-age (X) relationship for juveniles, commonly
used to characterize early growth patterns in many teleost fish
species. The function has three parameters: L∞ is the asymptotic

Frontiers in Marine Science | www.frontiersin.org

FIGURE 1 | Illustration of the spatial distribution of sampling points for
juvenile Trachurus murphyi, collected off Chilean coast, for validation of the
first annuli (yellow dots) and for juvenile and adult fish used for modalprogression analysis (blue dots).
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TABLE 1 | Descriptive statistics of database of fork length (FL) by year and month of Trachurus murphy, from commercial fishery samples off Chilean coast, (SD, 1
standard deviation).
Catch year

Indicator

2008

Sampling size
FL

2009

2010

2011

Sampling size
FL

Sampling size
FL

Sampling size
FL

Mean
SD
Min
Max
Mean
SD
Min
Max
Mean
SD
Min
Max
Mean
SD
Min
Max

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

6657
27
9.6
9
41
4221
35
8.2
21
48
3904
32
8.9
19
56
5158
34
7.4
23
49

7627
30
12.7
9
53
3753
36
9.6
20
53
1489
40
12.7
21
61
5904
39
9.9
23
59

6761
32
13.5
9
56
2728
36
10.3
18
53
754
40
10.6
22
58
1814
37
8.7
23
52

5632
30
12.6
9
52
4079
37
10
20
53
2820
37
9.7
21
53
4536
38
9.7
22
54

8437
33
13.1
11
55
3034
39
8.7
23
53
6280
41
11
23
62
5323
43
10.9
25
62

6618
34
13.3
12
59
4422
44
10.4
24
62
1988
41
11.2
22
60
5346
40
10.4
16
56

13137
35
13.1
13
57
5105
43
6.5
32
53
4505
43
6.5
30
53
4191
43
11.5
22
63

6351
37
15.1
12
73
2418
44
15.1
33
57
2070
44
12
24
64
748
41
9.6
25
59

3027
38
14.4
13
62
486
38
6.9
35
53
94
42
4.1
36
49
1109
42
11
24
62

2052
25
6.9
14
38

7570
20
9
5
33
85
47
5.7
37
56
2
52
2.8
50
54
4
52
4.6
47
56

8611
30
12.2
8
65
5982
36
11.5
19
60
1711
38
8.6
24
53
1683
33
7.9
22
54

using 300-μm diameter steel cutting bits and burrs. Additional
core material from the same otolith was isolated from the
two adjacent sections but restricted to the innermost two
growth increments so as to allow for the offset of these lateral
sections from the primordium. This procedure of obtaining
material from multiple sections per otolith was necessary to
maximize the amount of sample material available for assay
from each otolith. Occasionally, the mean weight of isolated
core material was lower than 3 mg. In such cases, otolith cores
from 1-2 additional fish of the same age and collection year were
extracted and pooled so as to bring the sample weight up to the
minimum of 3 mg necessary for radiocarbon assay. The date of
sample formation was calculated as the year of fish collection
minus the age of the fish, plus one half the number of growth
increments extracted in the core. After sonification in Super Q
water and drying, the sample was weighed to the nearest 0.1 mg
in preparation for 14C assay with accelerator mass spectrometry
(AMS). AMS assays also provided δ13C (0/00) values, which were
used to correct for isotopic fractionation effects and provide
information on the source of the carbon. Radiocarbon values
were subsequently reported as Δ14C, which is the per mil (0/00)
deviation of the sample from the radiocarbon concentration of
19th-century wood, corrected for sample decay prior to 1950
according to methods outlined by Stuiver and Polach (1977).
The mean standard deviation of the individual radiocarbon
assays was about 5 0/00.

(MacDonald and Du, 2004). The algorithm iteratively estimated
the proportion, mean and standard deviation of each mode
through a maximum likelihood-based decomposition of length–
frequency data into age classes (Macdonald and Pitcher, 1979).

Validation of Absolute Age Using
Bomb Radiocarbon

Bomb radiocarbon assays were used to test the accuracy of
age determination of 21 CJM adults (mean ± SE; 47 ± 1.4 cm
fork length) collected off the coast of Chile between 1971 and
1982. Age estimates for the 21 fish were available both from
examination of whole left otoliths and transverse sections of the
right otolith. Left otoliths were immersed whole in glycerin in
a petri dish on a black background, and were then examined
under a stereoscopic microscope at a magnification of 10X using
reflected light. Right otoliths were firstly embedded in a slowdrying hard epoxy (Araldite epoxy GY502 and hardener HY956
in 5:1 weight ratio) and a section was obtained cutting through
the core (~450 μm thickness) using twin blades separated by a
spacer on an Isomet low-speed diamond-bladed saw. The section
was lightly polished to improve visibility, and photographed
at resolution of 2048 x 2048 under a microscope at 16-40X
magnification using reflected light, then digitally enhanced. The
age interpretations were based on counts of presumed annual
growth increments on the digital photos. Translucent zones were
regarded as annuli following the recommendations described by
Morales-Nin and Panfili, 2002.
Otolith cores for bomb radiocarbon age validation were
isolated from three adjacent 1-mm thick transverse sections
of the right otolith (also used for section age determination),
polished lightly in order to view the growth sequence. Otolith
cores were isolated from the central section as a solid piece
with a Merchantek computer-controlled micromilling machine
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Radiocarbon Reference Chronology

Radiocarbon chronologies based on known-age, young-of-theyear otoliths are typically used as accurate reference time series
of 14C uptake into carbonates from the target environment.
Since no juvenile otoliths were available to describe the Chilean
reference chronology prior to about 1964, the reference
chronology based on juvenile Pacific halibut (Hippoglossus
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translucent increments (Table 3; Figure 5). There was no mode
corresponding to a length of fish with 3 translucent zones.

hippoglossus) (Pinner and Wischniowski, 2004) from the
northwest Pacific Ocean was used as a basis for comparison. This
chronology was scaled to match the pre-bomb and peak values
apparent in the CJM chronologies. The transformations applied
to scale the Pacific halibut chronology to CJM were:

Radiocarbon Age Validation

If the annulus-based ageing is correct, the radiocarbon chronology
described by the adult otolith cores should be similar to that of
the reference chronology. A comparison of the reference and
adult core chronologies from the CJM indicated that the ranges
were consistent with each other (Table 5).
Radiocarbon chronology time series plots were prepared to
compare the bomb radiocarbon content of the CJM reference
chronology with that of otolith cores of adult fish (Figures 6A,
B). The period of increase for the majority of otoliths appears
to be similar between the sectioned age chronology and the
Δ14C smoothed scaled Pacific halibut reference chronology
(Figure 6B). Thus, the CJM section ages lying close to the scaled
smoothing curve must have been correctly aged, at least on
average. More importantly, none of the sectioned otoliths seem
to have been seriously over-aged, which would have been evident
as radiocarbon values which were much higher than that of the
surrounding environment (Figures 6B, 7). In contrast, some of
the whole-otolith ages appear to be too old (Figures 6A): three
fish with anomalously low radiocarbon values for a presumed
year of formation after 1968 were evident in both the sectioned
and whole otolith plots (Figures 6A, B), indicative of substantial
under-ageing.

Scaled CJM ∆14C = 21.9 + 0.972 ∗halibut ∆14C

RESULTS
Validation of First Annulus

In fish from 15 to 25 cm FL, a complete sequence of daily
microincrements were observed from the primordium to the
post-rostrum edge of sagittal otoliths (Figure 2). The backcalculated hatch dates (HD) from otolith microstructure analysis
extended from August to February with a maximum in OctoberNovember (Figure 3). Daily age for juveniles and sub-adults used
for validation of the first annulus ranged from 51 to 550 days, for
fish ranging from 3.4 to 25.0 cm in FL. The average coefficient
variation (CV) of ageing was 6.0%.
The Laird-Gompertz growth model provided a good fit to the
age-length relationship of juvenile and young adult CJM (3.425.0 cm FL; ages of 56-550 days) between Arica and San Antonio
(Figures 3, 4). The coefficient of determination (r2 = 0.80) was
high, the parameters were significant (Table 2), and the residuals
were normally distributed (Shapiro-Wilk normality test,
SW=0.98; P=0.79). The model predicted a fork length of 22 cm
for a fish aged 365 days. Table 2 summarizes the comparison
between the number of microincrements counted from the
primordium to the distal edge of each translucent zone. The
second translucent zone was fully formed at the end of the first
year of life. Conversely, the first and third translucent increment
were formed far before the end of the first and second year of
life, respectively (Table 3). The age at formation of the fourth
translucent increment could not be validated in the present study
because daily microincrement analysis was not carried out in
fish > 25 cm FL.

DISCUSSION
The Laird-Gompertz growth curve for the length interval
between 3 and 16 cm was similar to the reported by Goicochea
et al. (2013) for CJM caught off the Peruvian coast; however, the
predicted mean length at 365 days was 17 cm FL for Peru, and
22 cm FL for Chile (this study), which is indicative of growth
differences between the stocks. Nevertheless, both our study and
that of Goicochea et al. (2013) document a higher growth rate
in juvenile and young adult CJM in the southeast Pacific Ocean
than has been previously suggested for this species. Previously,
a length of about 13 cm TL had been suggested for YOY at the
end of their first year of life, but based on unvalidated methods
(Castillo and Arrizaga, 1987; Kochkin, 1994; Dioses, 2013). In
the current study the mean length reached at the first year of life
was close to the length-at-maturity (L50) of 22.7 cm FL (Leal
et al., 2013), suggesting that CJM reaches maturity at the end
of its first year of life. Clearly, the reliability of these estimations
depends upon the validation of the periodicity of formation of
primary micro-increments, all of which has been confirmed in
T. murphyi both juvenile (<13 cm TL; Araya et al., 2019) and
adult (>27 cm FL; Araya et al., 2003) Furthermore, the hatch date
distributions based on otolith microstructure coincided with the
spawning season reported for this species off the Chilean coast
(Leal et al., 2013; Aranís et al., 2018), which is further evidence of
the accuracy of YOY CJM age determinations in this study.
There are few descriptions of the otolith microstructure in
carangid species, other than the study of Waldron and Kerstan

Progression of Strong Year-Classes

The annual progression of the first length frequency mode,
corresponding to the 2008 year-class, was easily followed through
subsequent years because recruitment of individuals<20 cm failed
between 2009 and 2011 (Figure 5). Significant differences were
found in the mean lengths of the first modal group through the
years analyzed (ANOVA, P<0.05), with modal values increasing
from 14.6 to 30.0 cm FL across the years 2008 to 2011 (Table 4;
Figure 5).
The first mode at 14.6 cm FL, corresponding to recruitment
of fish of age 0, matched with the mean FL of fish aged with
microincrement analysis, which had a mean age of 185 ± 34 days.
The mean length of subsequent modes identified as age 1, age
2 and age 3 in the PSYC for 2009, 2010 and 2011, respectively,
closely matched the mean length of fish with 2, 4 and 5
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FIGURE 2 | Macro (A) and microstructure (B) of a sagittal otolith from a 18 cm FL juvenile Trachurus murphyi, illustrating the sequence of micro-increments from
the primordium (pr) to the post-rostrum edge. The images (C) and (D) correspond to a zoom for sequences 1 and 8, respectively, associated to the zones of fastest
and lowest growth. ap, accessory primordia; fr, first false increment. Scale bar= 1 mm for the whole otolith.

(2001) for the horse mackerel Trachurus trachurus, collected off
the south west coast of South Africa. There, the authors reported
the absence of a translucent zone in otolith of juveniles younger
than 274 days old, with a FL between 5.1–14.3 cm. The same study
used scanning electron microscopy of the otolith microstructure
to validate the ages of horse mackerel up to an age of four years.
Hence, our study corroborates the results reported by Waldron

and Kerstan (2001), confirming the presence of resolvable
microincrements to at least the first translucent zone, despite the
allometry that seem to occur at the end of the first year of life.
Such a pattern is opposite to that of slow-growing species where
micro-increments in the translucent zone become unresolvable
after approximately the sixth month of YOY life (Waldron, 1994,
Radtke et al., 1985, Beckman and Calfee, 2014).

FIGURE 3 | Frequency distribution of hatch months based on daily increment
counts of juvenile Trachurus murphyi otoliths collected between Arica and
Coquimbo in Chile. The dashed line represents the female gonadosomatic
index between 2010-2015 in the same region (Aranís et al., 2018).

FIGURE 4 | Laird–Gompertz model fitted to the age (daily) – fork length
relationship of juvenile Trachurus murphyi, caught between Arica and Coquimbo.
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continuously for about four months each spring, with maximum
reproductive activity concentrated every year between October
and December (e.g., Grechina, 1998; Leal et al., 2013). This lag
may explain the existence of the first (non-annual) translucent
band, which would correspond to a period of slow growth
associated with the first winter season; whereas the first annulus
would be associated with the first spawning event. This same
phenomenon apparently occurred in the following year, because
the fourth translucent band corresponded to the second true
annulus, as demonstrated by the modal-progression of the strong
year-class. In addition, the consistency between the size of the
2008 class fish and the average length of fish with five translucent
otolith bands is indicative that this fifth band would correspond
to the third true annulus. Presumably, as growth rate declines,
the occurrence of two translucent zones per year would become
undetectable in the sequence of translucent bands, triggering
higher reliability in age determination at later ages. This finding
also confirms the value of the PSYC method used in some other
fast-growing species (e.g., Donald et al., 1992; Beamish and
McFarlane, 1995; Morison et al., 1998; Campana, 2001; Uriarte
et al., 2016), where the presence of additional “false increments”
would make it difficult to apply traditional techniques.
The bomb radiocarbon method has successfully been applied
not only in long-lived fishes (Kalish, 1995a; Kalish, 1995b; Kalish
et al., 1996; Campana, 1997; Kalish et al., 1997; Campana, 1997;
Campana and Jones, 1998; Campana, 1999; Ong et al., 2020;
Passerotti et al., 2020), but also in the Atlantic herring, a shortlived (<10 yr) pelagic fish (Melvin and Campana, 2010) and
for species with a moderate longevity (<23 yr) as in Trachurus
declives of New Zealand (Lyle et al., 2000) and T. murphy in the
present study. In CJM a good approximation of absolute age was
obtained with the bomb radiocarbon method for fish over 40 cm
FL, which validated on average the absolute age for fish between
7 and 13 years-old. Although this method did not validate the
age of fish< 7 years-old, there was good consistency between the
otolith microstructure analysis and PSYC, which verified the
age determination of the younger specimens. Only one previous
study by Beentjes et al. (2013) addressed age determination issues
in the Trachurus genus using bomb radiocarbon. Those authors
reported high levels of Δ14C (110.57 ± 0.4‰) for fish< 20-yearold born after 1966, which was close to the estimate obtained in
the present study.
The year of formation of the otolith core was estimated from
readings of both whole and sectioned otoliths, but ages estimated

TABLE 2 | Estimated parameters from a Laird–Gompertz model fitted to the
age–length relationship of Trachurus murphyi< 25 cm fork length.
Parameter

Estimate

± S.E.

tvalue

Pvalue

L∞
G
X0
R2
-LogLike
n

22.38
0.015
87.2
0.80
-108.4 (df=4)
45

± 0.97
± 0.003
± 5.59

22.9
5.3
15.6

<0.0001
<0.0001
<0.0001

A noticeable finding was the early formation of a first
translucent zone between days 100 and 180, after a phase of
accelerated growth. Clearly, this first translucent zone cannot
be regarded as the first annulus for this species, and must be
ignored in the annual age determination. Conversely, the second
prominent translucent zone ended its formation on average at
369 days. This second translucent zone appears to represent
the first true annulus for CJM, and is consistent with the length
modes evident from following the distinct 2008 year-class for
three years, through several years of almost no new recruitment.
The mean length of the 2008 year-class in 2009 was very close to
the mean length obtained by counting daily increments (22 cm
FL). Hence, the remaining length modes in the following years
would correspond to the second and third age classes, with mean
lengths of 27 and 30 cm FL, respectively. Such a conclusion
seems to be reliable because this approach met the requirement
of following a well-defined recruitment pulse, where no apparent
age-structured migration occurs (e.g., Donald et al., 1992;
Beamish and McFarlane, 1995; Morison et al., 1998; Campana,
2001; Uriarte et al., 2016). Although adults (> 25 cm) CJM are
known to migrate at the end of the austral winter to spawn in
offshore waters (80-90 °W), young juveniles encompassing the
first recruitment pulse, remain either in nursery or feeding areas
off the Chilean coast, until migrating into offshore areas for first
spawning (Arcos et al., 2001; Parada et al., 2017).
It is important to note that many species form the translucent
zone (annulus) during periods of slow growth, which in some
species may be linked to winter (i.e., the cold season), and in other
species is the result of energy cost associated with spawning (e.g.,
Pearson, 1996; Suyama et al., 2006). Therefore, it is reasonable to
infer that when the spawning season coincides totally or partially
with the cold season, a well-marked and consistent annulus
would be formed. However, T. murphy in Chilean waters spawns

TABLE 3 | Basic statistics of mean daily age and length at the end of translucent zone formation in sagittal otoliths of Trachurus murphyi ≤ 25 cm in fork length.
Transluc-ent zones

0
1
2
3

Fork length (FL;cm)

Daily Age (DA; days)

Translucent zone
radius (TZR; mm)

Mean ± sd

min-max

Mean ± sd

min-max

Mean ± sd

min-max

8.3 ± 3.3
16.3 ± 0.6
21.4 ± 1.8
23.4 ± 1.3

3.4-13.8
15.7-17.0
18.6-23.0
22.0-25.0

96 ± 20
185 ± 34
352 ± 79
489 ± 58

56-134
150-230
251-461
379-565

1.2 ± 0.4
2.3 ± 0.2
3.1 ± 0.2
3.4 ± 0.2

0.5-2.0
2.1-2.6
2.8-3.3
3.2-3.6

n

28
15
15
13

The FL, DA and TZR corresponded to observed values at the end of formation of each translucent zone.
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A

B

FIGURE 6 | Radiocarbon reference chronology for Pacific halibut and Δ14C
in otolith’s cores of adult Trachurus murphyi versus year of formation inferred
from counts of the growth increment from: (A) whole otolith reading and (B)
Otolith transverse section reading. The yellow point shows the best match
between year core formation with the reference chronology, for the sectioned
otolith of Figure 7.

FIGURE 5 | Length–frequency distributions (bars), principal mode estimates
(red curve) and total predicted fit (green curve) obtained from a modalprogression analysis of Trachurus murphyi, collected during 2008 to 2011
from Chilean waters. Modal progression of one year class from year to year is
shown by the dashed line.

Three such fish were identified using whole otoliths, but none
with sectioned otoliths. In contrast, anomalously low otolith
radiocarbon values in the post-bomb era are explicable either by
under-ageing or residence in very deep or upwelled waters. Three
fish were apparently under-aged using both whole and sectioned
otoliths, but deepwater residence is another possible explanation
(Campana et al., 2016). Sagittal otoliths of CJM become concave
as the fish grows, which make the surface identification of annuli

from sections matched better with the radiocarbon reference
chronology. Since radiocarbon values above zero did not exist
in surface marine waters prior to about 1958, elevated otolith
core radiocarbon values in fish whose apparent age of birth
(based on counts of growth increments) was prior to 1958 must
have been incorrectly aged with increments (Campana, 2001).

TABLE 4 | Estimated fork length [mean and standard deviation (sd)] from an annual modal progression of a strong year class (PSYC), compared with mean length of
aged fish for each sagittal otolith translucent zone in jack mackerel for the period 2008 to 2011 from Chilean fisheries.
Mean ± sd of fork length frequency (cm)
Translucent
increments
1
2
3
4
5

2008

2009

Ageing

PSYC

14.5 ± 1.9

16.3 ± 2.4

2010

Ageing

PSYC

20.7 ± 1.6

23.1 ± 2.4

Ageing

25.4 ± 1.4
28.1 ± 0.9

2011
PSYC

Ageing

PSYC

no mode
27.0 ± 3.1
31.1 ± 1.6 30.0 ± 3.1

Age 0

Age 1

Age 2

Increment
category
False
True
False
True
True

Age 3

The bold number indicates age assignments that matched between approaches.
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TABLE 5 | Summary of adult CJM otolith cores analyzed for radiocarbon (Δ14C).
Assay number

Catch year

14816
14828
14829
14077
14079
14815
14826
14819
14078
14080
14818
14820
14822
14830
14831
14817
14823
14824
14827
14832
14821

1980
1981
1981
1974
1976
1980
1980
1971
1975
1976
1971
1971
1973
1982
1982
1971
1973
1975
1981
1982
1972

Geographic zone

Centro
Centro

Norte
Centro
Centro
Norte
Norte
Austral

Norte
Austral
Norte

Norte

Length (cm)

Whole Age

Section Age

Whole YC

Section YC

Core age

δ13C

Δ14C

46
45
45
39
42
46
45
48
48
43
48
47
50
42
47
47
54
47
46
49
60

9
9
9
10
10
10
10
10
11
11
11
11
11
11
11
12
12
12
12
12
14

9
13
7
8
11
13
10
9
9
13
9
11
13
11
10
7
11
9
11
12
13

1972.5
1971.0
1971.0
1965.0
1967.0
1971.0
1969.0
1961.0
1965.0
1966.0
1961.5
1961.5
1963.5
1970.0
1970.0
1960.5
1962.5
1964.5
1968.0
1970.0
1959.5

1972.5
1969.5
1975.5
1965.0
1967.0
1968.5
1971.5
1963.5
1965.0
1966.0
1963.5
1961.5
1961.5
1972.5
1973.5
1965.5
1963.5
1967.5
1971.5
1971.5
1960.5

3
3
3
2
2
3
3
3
2
2
3
3
3
3
3
3
3
3
3
3
3

-3.4
-5.0
-5.0
-5.5
-5.1
-4.7
-4.8
-5.9
-4.8
-5.3
-4.4
-2.9
-3.7
-4.9
-4.9
-5.3
-5.1
-4.4
-3.4
-4.8
-4.8

-42.6
92.3
23.7
76.8
52.8
77.0
118.3
75.8
96.8
97.7
12.0
-39.3
-45.6
76.7
76.7
70.2
-44.7
92.3
-37.5
112.3
-36.6

YC is Year of Core Formation.

for otolith-based age determination in both closely-related (e.g.,
Jack mackerels (Horn, 1993; Lyle et al., 2000; Beentjes et al.,
2013); Cardinalfish Epigonus crassicaudus (Ojeda et al., 2010);
Atlantic striped bass (Liao et al., 2013); bluefish (Robillard et al.,
2009) and un-related species with similar otolith morphologies
(e.g., Polyprion americanus (Brick-Peres and Haimovici, 2004);

more difficult along the otolith edge, particularly in older fish.
This problem did not occur in transverse sections, which is
probably responsible for their more accurate age determinations,
but does not explain why there were more over-aged whole
otoliths. To date, use of transverse sections to identify annuli
in the internal sagittal face have become the preferred method

FIGURE 7 | Complete (A) and zoomed (B) images of a cross-section of a sagittal otolith of Trachurus murphy, bomb dated as a 13-year-old. specimen (green
squares), showing the best match to the scaled radiocarbon chronology (i.e., yellow dot in Figure 6B). fgz, first growth zone of sub-annual increments;
Scale bar= 1mm.
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based on validated age. The application of three simultaneous
age validation methods in the current study is a critical step
in achieving this goal and thus contributes to the sustainable
management of this important transboundary migratory
carangid. In conclusion, age has been validated for CJM for the
first time in the present study, which will increase the levels of
precision and accuracy in routine aging monitoring for this
important commercial species.

Sebastes ruberrimus, (Allen et al., 2002)). Hence, based on the
results of the present study, and in light of the other studies,
transverse sections of sagittal otoliths should be recommended
instead of surface reading for determining the age of CJM.
The results of the present study are consistent with previous
works addressing age validation in Trachurus species. For
example, Horn (1993) verified annulus formation in Trachurus
novaezelandiae and T. declivis from New Zealand using PSYC.
Age determination of Horse mackerel (T. trachurus) was verified
using marginal increment analysis and the first four annuli with
unvalidated primary microincrement counts (Waldron and
Kerstan, 2001). More recently, Jurado-Ruzafa and Santamaría
(2018) and Katayama et al. (2019) validated the periodicity of
annulus formation in T. picturatus and T. japonicus respectively,
using marginal increment analysis and frequency distribution of
edge type.
T. murphy growth, estimated from the validated age data,
revealed fast growth during the first two years. This rapid growth
has not been previously reported, due to the lack of age validation,
and was confounded by the presence of false increments whose
identity could not be confirmed using traditional age verification
approaches. These new evidences match well with the results
recently reported by Horn and Maolagáin (2020), where a high
occurrence of sub-annual zones were observed within the first
two annuli, using transverse sections of sagittal otoliths of T.
murphy from New Zealand waters. The occurrence of false
increments is also common in other Trachurus species, where
the high difficulty in identifying annuli is known. This situation
has been recently described in the ICES WKARHOM workshops
(Bellodi et al., 2020), where the reproducibility exercises
Trachurus trachurus, T. mediterraneus) and. T. picturatus showed
very low precision (CV of 19, 40 and 36%, respectively). Some
of the main difficulties noted were: (i) the identification of the
first winter increment versus several false increments, (ii) an
indistinct winter increment, (iii) a false (reproductive) increment
detected between the first and second winter increments, (iv)
overlapping of the transparent zones after the 3th or between
the winter increment in T. mediterraneus, and (v) overlapping
of the transparent zones after the second winter increment in T.
picturatus and again between the 4th and 5th winter increment
in horse mackerel (Bellodi et al., 2020). The T. murphyi otoliths
from the southeastern Pacific Ocean present similar difficulties
of age interpretation, which has resulted in a CV of 20% in
intercalibration exercises being the main disagreements among
readers the assignment of the first and second annuli (Cerna
et al., 2016). Therefore, for this kind of species it is considered
mandatory to create catalogs and collections of reference otoliths
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