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Estimating age and growth is fundamental to understanding fish life history and fishery productivity,
supporting both single-species and ecosystem-based management (Campana 2001; Kerns and Lombardi-
Carlson 2017). Age can be estimated through length-frequency analysis or growth observations from fish
of known age (Phelps et al. 2017) but is most commonly determined by counting growth increments in
calcified structures, including otoliths, vertebrae, and fin spines or rays (Casselman 1983; Phelps et al.
2017). While aging procedures are often similar across species, both the precision and accuracy of age
estimates can vary due to differences in the morphology, composition, development, and growth of
calcified structures (Beamish and Fournier 1981; Campana et al. 1995; Whitledge 2017). Therefore,
multiple structures are often compared and evaluated to determine their suitability for age estimation
within a given population. For example, in many pelagic fishes, otoliths are comparatively small and
delicate, requiring the use of other calcified structures for aging (Beamish 1981; Sun et al. 2001, 2002;
Young and Drake 2004; Millot et al. 2023). Identifying the most suitable structure thus requires detailed
comparison among potential aging structures (Isely and Grabowski 2007; Kerns and Lombardi-Carlson
2017), yet such studies remain lacking for many fish species.

The smalleye Pacific opah (Lampris incognitus) is a large, laterally compressed pelagic fish that has
increasingly become a valuable component of high-seas pelagic fishing operations in the North Pacific
(Ito 2023). In recent decades, opah landings have risen in both U.S. and Mexican longline fisheries, with
up to 800 tons landed in Hawai‘i annually (Cooper et al. 2022). Despite its growing importance to
regional fisheries, opah age and growth parameters remain poorly understood, and the species continues
to be managed as incidental catch without a formal fishery management plan.

Though originally believed to be a single globally distributed species, the opah (L. guttatus) has now
been divided into at least five distinct species, including two in the North Pacific (Underkoffler et al.
2018). Despite overlapping distributions in the North Pacific, the smalleye Pacific opah can be
distinguished from the bigeye Pacific opah (Lampris megalopsis) by morphometric differences in both eye
and pectoral fin size, as well as through genetic testing (Hyde et al. 2014; Underkoffler et al. 2018).

At least three previous studies have produced mixed recommendations on which calcified structures are
optimal for aging opah (Lampris spp.). The most comprehensive study to date was conducted by Francis
et al. (2004), who noted that the otoliths were “unsuitable for aging” and primarily focused on using the
second ray of the dorsal fin to age opah sampled off New Zealand (likely L. australensis or L. megalopsis).
However, because dorsal-fin ray sections were difficult to interpret and readability scores were uniformly
poor, Francis et al. (2004) recommended that future aging studies evaluate other hard parts, including
the vertebrae and cleithra, a large bone of the pectoral girdle. Similarly, Hawn et al. (2002) concluded



that dorsal-fin rays were the preferred aging structure for opah collected off Hawai'i (likely L. megalopsis
or L. incognitus) and noted that opah otoliths are composed of vaterite, making them fragile and difficult
to work with. However, Hawn et al. (2002) did not provide a detailed justification or comparative data
among these or other calcified structures. Additionally, Sinis (2004) conducted a preliminary aging
analysis using cycloid scales of a single opah specimen (L. guttatus) from the Mediterranean but reported
that growth rings were inconsistent and not visible on all scales.

Considering the recent reclassification from a single worldwide opah species (L. guttatus) into five
distinct species (Hyde et al. 2014; Underkoffler et al. 2018), it remains unclear whether any prior aging
studies have specifically examined the smalleye Pacific opah considered here. Underkoffler et al. (2018)
suggest that L. incognitus is likely restricted to the central and eastern Pacific; therefore, Hawn et al.
(2002) may have included this species in their aging study. In any case, challenges in accurately aging
opah appear to transcend species and may extend across the order Lampridiformes, as Midway and
Wagner (2016) also reported difficulty interpreting otolith growth rings in oarfish (Regalecus russellii) and
suggested that dorsal-fin rays may be more reliable for age determination.

Given its growing economic importance and the lack of biological information available for management,
the purpose of this pilot study was to assess and compare calcified structures suitable for aging the
smalleye Pacific opah. This collaborative work between U.S. and Mexican scientists is intended to
promote future biological research and improve the capacity for international management of the opah
resource.

We examined 10 smalleye Pacific opah in this study, including four individuals used for preliminary
dissections in Phase 1 and six additional individuals evaluated during Phase 2. Individuals were verified
as smalleye Pacific opah based on morphometric measurements (FL to eye ratio) and confirmed through
genetic analysis conducted at the SWFSC (Hyde et al. 2014; Cooper et al. 2022).

Following a thorough literature survey, we performed preliminary dissections of four smalleye Pacific
opah to extract hard parts (Phase 1), including dorsal-fin rays, vertebrae, otoliths, and cleithra. We used
Phase 1 samples to identify the calcified structures most practical for age evaluation, but these samples
were not used to estimate age. Phase 1 assessment of all fin rays from the single dorsal fin revealed that
the first and second rays of the dorsal fin exhibited the clearest and most distinguishable growth rings,
making them the most appropriate for aging. Also, during Phase 1, an assessment of the entire vertebral
column from a single specimen indicated that the optimal location for vertebral extraction was from
vertebrae 8 to 13, based on accessibility, enhanced visibility, and the consistency of growth rings relative
to other vertebral regions examined. During Phase 1, we sectioned a subsample of vertebrae sagittally
into 5-mm sections adjacent to the centrum using an IsoMet low-speed saw, and mounted cross-sections
on slides with Cytoseal 60 glue. However, distinct growth rings were not visible in vertebral cross
sections; therefore, whole stained vertebrae were subsequently used for aging. Although growth rings
were initially visible in paired cleithra without magnification, no consistent pattern was observed during
Phase 1; thus, cleithra were not further evaluated.

During preliminary dissections in Phase 1, attempts to remove intact otoliths were largely unsuccessful,
and broken structures were difficult to manipulate for visualizing growth rings. Consequently, we refined
extraction methods during Phase 2 to more effectively remove intact otoliths. We used sagitta otoliths,
subsequently referred to as otoliths, due to their larger size and to maintain consistency with previous



opah aging work (Francis et al. 2004).

During Phase 2 of the study, we purchased six additional smalleye Pacific opah (97-111 cm fork length
[FL]; estimated weights 20-65 kg) whole from U.S. and Mexican commercial fishing vessels operating out
of the ports of San Diego and Oceanside, California, USA, and Ensenada, Baja California, Mexico. Opah
were frozen whole and transported to the laboratory at the Centro de Investigacion Cientifica y de
Educacién Superior de Ensenada (CICESE) to conduct a more standardized assessment of potential aging
structures and formal comparison of associated age estimates (Fig. 1i).
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Figure 1. (i.) Dissection of a smalleye Pacific opah (Lampris incognitus) to extract calcified
structures used to assess their aging potential (ii.) The second ray of the dorsal fin marked at 10%
increments across the total length (100%); each segment is equivalent to 2.1 cm. (iii.) Calcified
structures prepared for counting proposed annual growth rings (yellow circles) to estimate the age
of smalleye Pacific opah, including a) magnified cross section of a dorsal-fin ray, b) whole stained
vertebrae, c) whole sagitta otolith, and d) partial section of sagitta otolith magnified to count visible
growth rings.

During Phase 2, we separated the entire dorsal fin from the condyle and removed surrounding tissue
after the structures were dipped in 70°C hot water for 30 seconds, followed by overnight air-drying. We
measured the first and second rays of the dorsal fin and marked at 10% increments from the base to the
tip before making transverse cross sections at each mark with an IsoMet low-speed saw (Buehler, Lake
Bluff, lllinois, USA; Fig. 1.ii). Cross sections were manually polished using 0.3-micron Buehler Alumina
suspension with a Buehler MicroCloth until the growth rings were visible, then mounted on microscope
slides with Cytoseal 60 glue. Because visible growth rings on rays of the dorsal fin were most discernible
at the 30% and 40% positions, only these cross sections were used for further analyses.

For Phase 2, vertebrae 8 to 13 were extracted from the area below the anterior insertion of the dorsal fin
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from each of the six specimens. The vertebral muscle and connective tissue were removed with a
scalpel, and the attached neural spine and ventral ribs were trimmed. Then, the vertebrae were soaked
for 15 minutes in a 3% hydrogen peroxide solution to eliminate excess flesh, followed by rinsing under
running water. Whole vertebrae were immersed in alizarin red solution for 15-30 minutes until growth
rings were visible (La Marca 1966). They were then rinsed and left to dry for at least 8 hours. The six
prepared vertebrae from each fish were visually examined under a dissecting microscope, and those with
the clearest growth rings were selected for age determination.

To extract otoliths during Phase 2, a transverse cut was made at the operculum to expose the otic
capsules along the ventral surface of the posterior skull. Otoliths were carefully extracted from the otic
sacs using a stereoscope to minimize fracturing upon removal. To evaluate growth rings, extracted
otoliths were mounted whole on microscope slides using Cytoseal 60 glue. During Phase 2, one set of
otoliths fractured upon extraction and was excluded from aging analyses.

Mounted otoliths and dorsal-fin ray cross-sections were visually examined under transmitted light using a
Zeiss Stemi 305 stereomicroscope (Zeiss, Oberkochen, Germany) to generate age estimates during
Phase 2. Similarly, whole stained vertebrae were visually examined under the same microscope using
reflected light. In the absence of age validation studies, two independent readers counted proposed
annual growth rings to generate age estimates for each structure, without knowledge of fish size or
collection information to prevent bias (Francis et al. 2004). To assess inter-reader consistency (precision)
in age estimates from growth-ring counts and to evaluate agreement among structures, we calculated an
index of average percent error (APE; Beamish and Fournier, 1981) and a mean coefficient of variation
(CV; Campana, 2001) for each calcified structure. Both metrics quantify the level of agreement among
age estimates, with lower values indicating greater precision and less discrepancy between readers or
structures (Beamish and Fournier, 1981). Precision metrics (index of APE and CV) were calculated using
the agePrecision: Compute measures of precision among sets of ages function in the FSA package in
RStudio (R Core Team 2024).

Phase-2 age estimates for six smalleye Pacific opah ranged from 4-7 years, assuming annual growth-ring
deposition (Table 1). Dorsal-fin rays (Fig. 1.iii.a), vertebrae (Fig. 1.iii.b), and otoliths (Fig. 1.iii.c) all
exhibited visible growth rings; however, stained vertebrae provided the most reliable ring counts and are
recommended for future aging work when fish marketability is not a constraint. The first and second rays
of the dorsal fin provided a more accessible structure that may be suitable for aging studies when less
invasive sampling methods are prioritized to maintain fish integrity and preserve the marketability of
commercially harvested opah. However, visible growth rings on fin rays may be affected by polishing
protocols or by the possible reabsorption of early growth rings as fish age (Pfennig et al. 2024), which
may have contributed to the lower age estimates relative to vertebrae in this study (Table 1). Therefore,
broader sampling across size classes is needed to further validate the use of dorsal-fin rays as a reliable
structure for aging opah, particularly for larger individuals.

Table 1. Comparison of age estimates for six smalleye Pacific opah (Lampris incognitus) based on the
first and second rays of the dorsal fin, vertebrae, and whole sagitta otoliths between two separate
readers (R1, R2). The index of average percent error (APE) and coefficient of variation (CV) between the
readers are presented for each structure. FL = Fork length in cm
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Sample Length 1* Fin 1* Fin 2" Fin 2" Fin Vertebrae R1 Otoliths

(FL, cm)  Ray Ray Ray Ray / R2 R1/R2
(30%) R1 (40%) R1 (30%) R1 (40%) R1
/ R2 / R2 / R2 / R2
1 111 5/6 5/5 6/7 7/6 117 5/7
2 102 4/4 4/4 4/4 4/4 6/6 717
3 99 715 6/5 5/5 5/5 5/5 6/6
4 105 6/6 5/4 6/6 4/5 7/6 717
5 97 6/4 4/4 6/5 5/5 4/4 5/6
6 104 4/4 5/5 4/5 5/6 6/6 -/-
APE (%) — 7.6 4.7 4.6 4.6 1.2 3.3
CV (%) — 10.7 3.3 6.5 6.5 1.8 4.7

Whole stained vertebrae produced the most distinct and consistently readable growth rings, with the
lowest combined index of APE (1.2%) and CV (1.8%) values between readers (Table 1). Reader
agreement was highest between vertebrae and the second ray of the dorsal fin on sections taken at 30%
of total ray length (APE = 6.7%; CV = 9.47%; Table 2). Agreement was slightly reduced between
vertebrae and the first ray of the dorsal fin on sections taken at 30% (APE = 7.4%; CV = 11.24%) and the
second ray of the dorsal fin on sections taken at 40% (APE = 8.1%; CV = 11.24%). Successfully extracted
otoliths (n = 5) showed discernible growth rings, but reliability was reduced in fractured structures (Fig.
1.iii.d). In addition to previous concerns about fragility (Francis et al. 2004), their small size, handling
difficulty, and potential impacts on marketability limit practical application for use in subsequent aging
studies.

Table 2. Comparisons of vertebrae-derived ages with those obtained from analysis of dorsal-fin ray
sections and whole sagitta otoliths for six smalleye Pacific opah (Lampris incognitus), using the index of
average percent error (APE) and the coefficient of variation (CV).

Comparisons APE% CV%
Vertebrae vs. Second ray at 30% 6.7 9.47

Vertebrae vs. First ray at 30% 7.4 11.24
Vertebrae vs. Second ray at 40% 8.1 11.24
Vertebrae vs. Sagitta otolith 9.1 12.58
Vertebrae vs. First ray at 40% 11.5 15.51

This pilot study provides a foundation for larger-scale aging research on the poorly studied L. incognitus
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and related species. Findings from this international collaboration suggest that whole stained vertebrae,
followed by the second ray of the dorsal fin on sections taken at 30% of total length, provided the most
precise growth-ring counts and associated age estimates for L. incognitus. Considering the challenges of
removing vertebrae and otoliths in the field, our preliminary results suggest that the second ray of the
dorsal fin may provide a practical alternative for estimating age in opah when maintaining fish integrity
for marketability is a priority. However, further age validation is needed, including verification of APE and
CV estimates among structures using larger sample sizes and the inclusion of additional independent
readers. To support effective transboundary management of this valuable secondary target in U.S. and
Mexican longline fisheries, key biological data for opah are needed to address existing knowledge gaps
prior to formal stock assessments.
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