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EXECUTIVE ABSTRACT

Kala (Bluespine Unicornfish, Naso unicornis) is an ecologically and culturally significant
herbivore in Hawaiian nearshore reef fisheries, yet effective management has been hindered by
limited demographic data and growing skepticism from local fishing communities toward
existing stock assessments. This study addressed these gaps through a collaborative, fisher-
engaged approach, collecting 578 Kala around Maui between 2024-2025 and integrating otolith-
derived age estimates, sex-specific growth parameters, reproductive data, and both length- and
age-based stock assessment methods. Kala on Maui ranged from 2-38 years of age, with rapid
early growth resulting in nearly 80% of linear growth completed within the first 3-4 years of
their lifespan. This growth pattern causes multiple age classes to overlap within a narrow size
range, fundamentally limiting the reliability of length-frequency analyses for this species. Older
individuals were disproportionately represented along the northeastern coast of Maui, consistent
with local fisher knowledge of seasonal spawning aggregations at these sites. Preliminary sex-
specific growth fits suggested mild sexual dimorphism, with females reaching slightly larger
asymptotic lengths (522.2 mm FL) than males (521.6 mm FL). Both length-based (LBSPR) and
age-based spawning potential ratio (Chapman-Robson, Spawning Potential Ratio (SPR)
approaches indicated that the Maui Kala stock is currently exploited below the SPRao reference
point. The length-based method estimated SPR at 0.66 (95% CI: 0.62-0.73) and the age-based
method estimated SPR at 0.55 (95% CI: 0.55-0.56), both exceeding the 40% reference point,
with the length-based estimate approximately 20% higher than the age-based estimate.
Corresponding F/F SPR40 ratios were 0.26 and 0.50 respectively, both indicating that current
fishing mortality remains below the threshold associated with overfishing. Selectivity parameters
indicated that Kala are targeted at or near their asymptotic length on Maui, a substantially more
favorable pattern than documented for O‘ahu and Micronesian populations, where smaller and

younger individuals dominate the catch.

Despite this healthy stock status, the divergence between length- and age-based F/F SPR40
estimates underscores a critical methodological limitation: the LBSPR model permits more than
double the fishing pressure at SPR40 compared to the age-based approach because it is difficult
to adequately resolve age structure from length data alone in species with the box-shaped growth
curve exhibited by Kala and other surgeonfishes, as well as other reef fish taxas. Current size-

based regulations alone may be insufficient to protect the disproportionate reproductive
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contribution of older, more fecund individuals, nor is it clear whether such regulations ensure do
they account for that the functional ecological role of large Kala as macroalgal browsers critical
to reef resilience is maintained. Age-informed management strategies such as seasonal closures
aligned with spawning periods, spatial protections at known aggregation sites, and catch limits
that account for age structure are recommended to sustain both the fishery and the broader
ecological function of this species on Maui reefs. Since Kala demographics on Maui differ
substantially from those reported for O‘ahu, island-specific assessments are essential, and
management strategies developed without local demographic data risk being ecologically
inappropriate and losing the community buy-in necessary for effective implementation. This
study demonstrates the value of integrating age- and length-based methods with fisher
engagement for the sustainable management of ecologically and culturally important reef species

in Hawai‘i.
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CHAPTER 1: LIFE-HISTORY AND REPRODUCTIVE PATTERNS OF NASO
UNICORNIS AROUND MAUI

1.1 Abstract

Acanthurid surgeonfishes are ecologically and culturally important herbivores on Pacific coral
reefs. Yet developing effective management that balances ecological resiliency with food security
remains an elusive goal due to limited demographic and life history data. In Hawai‘i, Bluespine
Unicornfish (Naso unicornis), hereafter referred to by its Hawaiian name, Kala, is a highly
targeted species within nearshore reef fisheries with a relatively with a relatively large size, long
lifespan, and rapid early growth. Local fishers recognize likely spatial variation in the species,
and potentially spatially variation in the species life history traits, which leads them to leave local
fishers calling the assessments into question management efforts that treat the species as a single
population across the archipelago. The are likely to be ineffective. The objective of the present
study was to partner with local commercial and noncommercial fishers to develop a
comprehensive age, growth, and reproductive dataset for Kala around the island of Maui to
address these limitations. Kala (n =578) was collected between May 2024-June 2025, with
otoliths and gonads harvested from a subsample of individuals (n =154) to assess age and
reproductive development. Kala harvested in a Maui commercial surround net fishery ranged
from 3-38 years, with progressively fewer individuals represented in older age classes. Older
individuals seemed to concentrate at sites along the northeastern coast of Maui, consistent with
the local knowledge that older, larger Kala may aggregate seasonally for spawning. Kala growth
was rapid and individuals reached near-asymptotic lengths within their first 3-4 years.
Preliminary sex-specific fits suggested slightly larger asymptotic lengths for males than females,
consistent with mild sexual dimorphism in the age—length dataset. These findings indicate that
Kala demographics on Maui differ substantially from those previously reported from O‘ahu,
suggesting meaningful variation in age structure and growth dynamics across islands. The
presence of older individuals during peak spawning months further underscores the importance
of management approaches that account for reproductive timing and age structure. Importantly,
they may reinforce community skepticism toward current stock assessments; suggesting that

without fisher buy-in, future management efforts for Kala in Hawai‘i are unlikely to be effective.



1.2 Introduction

Surgeonfishes (Acanthuridae) are important components of coral reef fish assemblages
throughout tropical and subtropical regions worldwide (Randall, 2001; Steneck et al., 2017).
Members of this family are predominantly herbivorous and often comprise a substantial
proportion of reef fish abundance and biomass, particularly across Pacific Island reefs (Marshell
& Mumby, 2015; Tebbett et al., 2022). Through grazing on macroalgae and turf algae,
surgeonfishes suppress algal overgrowth and help maintain conditions favorable for coral
recruitment, growth, and persistence (Burkepile & Hay, 2008; Marshell & Mumby, 2015; Tebbett
et al., 2022). Their collective feeding activity shapes algal community composition and supports
ecosystem resilience, particularly following disturbances such as storms or coral bleaching
events (Roff et al., 2015; Barlow et al., 2018; Tebbett et al., 2024). In addition to their ecological
role, surgeonfishes are culturally and economically important across the Pacific. Their abundance
and accessibility have made them a key food resource in subsistence fisheries for generations
(Amesbury & Hunter-Anderson, 2003; Maly & Maly, 2003; Grafeld et al., 2017; Rassweiler et
al., 2020; Toshida et al., 2024). However, increased fishing pressure for some species from non-
commercial and/or commercial fisheries has contributed to population declines across multiple
surgeonfish taxa throughout the Pacific region (Friedlander & DeMartini, 2002; Williams et al.,
2008; Walsh et al., 2010; Comeros-Raynal et al., 2012; McClenachan & Kittinger, 2013; Nadon
et al., 2015; Friedlander et al., 2017; Donovan et al., 2023). In Hawai‘i, surgeonfishes have been
harvested since before European contact and remain central to traditional diets and fishing
practices (Titcomb, 1972; Maly & Maly, 2003). Today, they continue to support subsistence and
artisanal fisheries and rank among the most frequently harvested reef fishes in Hawai‘i (Dalzell

et al., 1996; Rhodes & Tupper, 2008; Taylor et al., 2019).

Despite their ecological and cultural importance, the life-history characteristics of many
surgeonfish species remain poorly understood. Surgeonfishes commonly exhibit rapid growth
during early life stages followed by markedly slower growth later in life, early maturation
relative to lifespan, and potentially exceptional longevity, meaning they can live longer than
expected reef fishes of similar size, often reaching several decades in age (Robertson et al., 2005;
Eble et al., 2009a; Eble et al., 2009b; Pardee et al., 2022). Considerable variability in growth
rates, reproductive timing, and demographic structure exists both among species and across

regions within a species’ range (Robertson et al., 1979; Robertson, 1983; Robertson et al., 2005;
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Pinsky & Byler, 2015). This biological complexity complicates fisheries assessments and
management, particularly where demographic data are limited (Fujita, 2021; Chevalier et al.,
2023). Length-based stock assessment approaches commonly applied to reef fishes often perform
poorly for surgeonfishes because their assumptions such as predictable length-at-age
relationships and homogeneous population structure are frequently violated (Taylor et al., 2014;

Kokkalis et al., 2015; Nadon et al., 2015).

Bluespine Unicornfish (Naso unicornis), hereafter referred to by its Hawaiian name Kala,
exemplifies these challenges. Kala is a large-bodied surgeonfish, reaching lengths of 70.0 cm
fork length (FL; DeMartini et al., 2014; Andrews et al., 2016; Taylor, Mclnnis, et al., 2024), and
is one of the few herbivorous reef fishes capable of browsing large, fleshy macroalgae, such as
Turbinaria and Sargassum, thereby mediating competition between corals and macroalgae
(Kindinger et al., 2024). Individuals, ranging in size from 14.6-54.4 cm total length (TL) are
generally site-attached and occupy defined home ranges, often making daily crepuscular
movements between daytime foraging areas and nighttime refuge sites (Meyer & Holland, 2005).
Kala is a major component of non-commercial and commercial shallow-reef fisheries in Hawai‘i
and is also valued throughout Micronesia as an important source of protein for local communities
(Williams & Ma, 2013; Taylor et al., 2019; Akizuki B, 2021). However, Kala exhibits life-history
traits that increase its vulnerability to fishing pressure. The species is long-lived, capable of
lifespans exceeding 50 years (Eble et al., 2009a; Andrews et al., 2016). Growth is rapid early in
life, with individuals typically achieving approximately 80% of their total linear growth within
the first 3 to 4 years of life (Choat & Axe, 1996; Choat & Robertson, 2002; Eble et al., 2009a). In
some locations, this mortality pattern is characterized by a catch-curve breakpoint, where
mortality is higher than predicted during early life stages and lower than predicted during later
life stages relative to a single constant mortality estimate (Randall, 2001; DeMartini, 2016;
Taylor et al., 2019; Pardee et al., 2022). Kala also has a sexual maturity that occurs relatively late
compared to smaller acanthurids, typically between 4-7 years of age and differs between sexes
(Choat & Axe, 1996; Andrews et al., 2016; Toshida et al., 2024). These traits undermine the
assumptions of length-based assessment models and can lead to biased estimates of population
status when size is used as a proxy for age or reproductive capacity (Nadon et al., 2015; Sun et

al., 2018).
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In Hawai‘i, Kala is currently managed by the state’s Department of Land and Natural Resources
Division of Aquatic Resources (DLNR-DAR) through statewide regulations mandating a
minimum legal-size limit of 35.6 cm FL (14 inches) and a daily bag limit of four fish per fisher
in the noncommercial fishery (DAR, 2024). However, these regulations may not adequately
protect reproductive output, as a length-based stock assessment of Kala around O‘ahu estimated
a spawning potential ratio (SPR) below 10%, indicating the population was experiencing
recruitment overfishing (Nadon et al., 2015). While most males are harvested after reaching
maturity, a substantial proportion of females are caught prior to maturation, potentially reducing
spawning potential and long-term sustainability (Lewin et al., 2006; Allendorf & Hard, 2009;
Eble et al., 2009a; Eble et al., 2009b). Furthermore, the data supporting existing stock
assessments for Hawaii were collected almost exclusively from populations around O‘ahu, the
most populous Hawaiian Island, and the largely unfished Papahanaumokuakea Marine National
Monument in the unpopulated Northwestern Hawaiian Islands (Nadon et al., 2015; Andrews et
al., 2016), neither of which may reflect the demographic patterns of the more moderately fished

Kala populations around the populated main Hawaiian Islands, such as Maui.

As a result, critical knowledge gaps remain regarding spatial variation in age structure, growth
trajectories, maturation schedules, spawning phenology, and sex-specific differences in Kala
populations. These gaps are particularly pronounced around Maui, where Kala is actively
harvested commercially yet has never been assessed using age-structured or reproductive data.
Therefore, the objective of this study is to quantify spatial variability in age, growth, and
reproductive dynamics of Kala around Maui, including sex-specific traits and spawning
phenology, and to apply age-structured stock assessment approaches to improve understanding of
population status in a heavily fished but understudied region. This work provides essential
demographic information needed to support effective, locally relevant management of a species

that is ecologically important, culturally valued, and vulnerable to overfishing.

1.3 Methods

1.3.1 Sample collection

We partnered with local fishers around Maui (Figure 1.1) during May 2024-June 2025 to capture
Kala (n = 578). These fishers operated from small boats no more than 800 m from shore in water

depths of 1-10 m and used a modified purse seine to capture fish. Upon landing, all captured
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Kala were measured to the nearest mm FL and weighed to the nearest 1 g using an electronic
balance (Model 3828; Taylor Precision Products, Seattle, Washington). We purchased a random
subset of these fish (n = 154) for further analysis. These individuals were held on ice and

processed to remove gonads and otoliths within 24 hours of capture.

1.3.2 Otolith preparation and analysis

Sagittal otoliths (hereafter referred to as sagittae) were extracted from the purchased specimens,
cleaned, and stored dry until preparation. Sagittae for age estimation followed the procedures
described by Long and Grabowski (2017). One otolith sagittae per fish was randomly selected
and mounted in a 40-mm square weigh boat containing approximately one quarter volume of
cured, clear epoxy resin (Bondo 20122, 3M, St. Paul, MN) and affixed with cyanoacrylate
adhesive (Loctite, Henkel Corporation, Rocky Hill, CT) with the convex surface facing
downward. Additional resin was then added to fully encase the sagittae, which was left to cure
before sectioning. A 0.5-mm transverse section encompassing the sagittae nucleus was then cut
using an IsoMet low-speed saw (Buehler, Lake Bluff, IL), mounted onto a glass microscope slide
using thermoplastic adhesive (Crystalbond 509, Aremco Products Inc., Valley Cottage, NY) and
subsequently polished on both sides with 400- and 800-grit sandpaper until the nucleus was
clearly visible. Prepared sections were photographed under a compound microscope equipped
with a 14-megapixel digital camera (OMAX, Kent, WA). Age determinations were conducted
independently by a primary reader and a second reader, with consensus reads performed in cases
of disagreement. To assess potential bias between the first two readers, a third reader
independently reviewed the sagittae. Sagittaes exhibiting cracks or poorly defined annuli were

excluded from the analysis (n = 4).

The length-at-age data was used to fit a von Bertalanfty growth function (VBGF) for individuals

whose age was > 1 yr. The VBGF is parameterized as:
L; = Ly, [1 — e ¥t~ %] [Equation 1]

where L; is the predicted length at time ¢, L~ is the asymptotic average length of the population, &
is the growth coefficient, and #o is the theoretical time when length is zero (von Bertalanffy 1938;

Beverton and Holt 1957). Due to a lack of younger individuals, i.e., < age 2, to was constrained
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to a value between -0.10 — 0.10 yrs when fitting the VBGF to ensure a more biologically realistic

length estimate at the time of hatching, i.e., = 0.0 yrs.

1.3.3 Gonad preparation and analysis

We harvested gonads from each individual within the subset of 154 Kala (7males = 94, nfemales =
60) purchased from the commercial fishers. Gonads were removed intact from the body cavity
and weighed to the nearest 0.0001 g within 24 hours of capture. A small sample (approx. 2-3 g)
of each gonad was placed in a labeled cassette and fixed in a 10% buffered formalin—seawater
solution. To evaluate whether gonadal morphology and gamete development were consistent
along the gonad, we took tissue sections from the anterior, medial, and posterior regions of a
subset of males (n = 4) and females (n = 3). These sections were compared to assess spatial
variation in reproductive development along the gonadal axis and overall, sex identification was
based on histological examination. Samples were then shipped to HISTOCORE at the John A.
Burns Medical School at the University of Hawai‘i-Manoa campus where they were embedded
in paraffin, sectioned at 5.0 um thickness, stained with hematoxylin and eosin and mounted on

slides for visual examination.

Reproductive phase classification of the Kala gonads were conducted using diagnostic criteria
modified from Brown-Peterson et al. (2011), encompassing seven functional female phases and
two functional male phases (Table 1.2). Females were classified into reproductive phases based
on ovarian histology and oocyte development. Immature females were identified by the presence
of primary growth oocytes and a relatively thin ovarian wall. Developing females exhibited
primary growth oocytes along with cortical alveolar oocytes within the ovarian tissue and
characterized by the presence of early vitellogenic oocytes (Vtl), and cortical alveolar or more
advanced oocyte stages may also have been present. Females were considered spawning capable
when late stage vitellogenic oocytes (Vt3) were observed, often alongside early vitellogenic
oocytes. These ovaries could also contain late-stage post-ovulatory follicle complexes and
evidence of atresia. Actively spawning females were distinguished by the presence of late-stage
germinal vesicle migration, germinal vesicle breakdown, hydrated oocytes, ovulated eggs, and/or
recent post-ovulatory follicles, and may also have contained atretic oocytes. Regressing females
were identified when primary growth oocytes were present, but the ovary was dominated by

atretic oocytes, even if cortical alveolar or vitellogenic oocytes were still observed. Females were
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classified as regenerating when only primary growth oocytes were present, accompanied by thick
ovarian walls, prominent muscle bundles and blood vessels, and, in some cases, residual material
from previous spawning events. Males were classified simple as being either immature or

actively spawning based on the presence of spermatozoa.

We calculated the gonadosomatic index (GSI) for each individual using the following
relationship:

GSI = 22224 100 [Equation 2]

total

where Wgonaa is the weight of the gonad and Wiowi is the total weight of the individual (Crim and
Glebe 1990). GSI and the proportion of actively spawning or spawning capable females were
evaluated in relation to annual or lunar periodicity using linear-circular regression (Batschelet,
1981; Fisher, 1993). All statistical tests were conducted using R v. 4.4.2 (R-Core-Team, 2026)
implemented in RStudio v. 2024.09.1 (Posit, Boston, Massachusetts) with a significance level of
a=0.05.

1.4 Results

1.4.1 Age and Growth

A total of 578 Kala were collected from around Maui. Fork length (FL) ranged from 236 — 590
mm, with a median FL of 495.2 mm (Table 1.1). A subset of 154 individuals was sexed,
comprising 60 females and 94 males. There were no significant differences between sexes in
either median FL (W =3147.50, p = 0.23) or median weight (W = 3102.00, p = 0.30; Table 1).
The sex ratio was significantly male biased at 1.00:1.57 (female: male; y>=7.51,df=1,p <
0.01).

A total of 150 of the subset individuals were successfully age-estimated and three separate von
Bertalanffy growth curves were fitting for female, male, and pooled Kala (Figure 1.2, Table 1.1).
Kala grows quickly during their first four years, reaching approximately 38% of L« at the end of
their first year and 83% at age 4, then exhibit relatively slow growth for the remainder of their
lives (Figure 1.2) with both sexes reaching similar asymptotic lengths (Table 1.1) and
comparable growth rates. Females exhibited a slightly higher growth coefficient (k= 0.43 + 0.05
yr !, estimate + SE) compared to males (k= 0.38 + 0.04 yr!, estimate = SE; Table 1.1) though
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this difference was not statistically significant (LRT, y*> = 3.66, df =2, p = 0.17). A model with 7
fixed at 0 produced similar parameter estimates (k female = 0.44, k£ male = 0.39), indicating that

results were robust to assumptions about early growth (Schnute & Fournier, 1980; Beverton &

Holt, 1993; Pardo et al., 2013).

1.4.2 Gonad Histology

Gonads were successfully harvested and staged from 94 males and 60 females. Reproductive
state classifications agreed across the anterior, medial, and posterior section for each of the male
(n = 4) and female (n = 3) gonads that were subsampled. There was no evidence of sequential
hermaphroditism observed during the histological examinations and this gonochoristic
reproductive pattern was further supported by males and females having similar length and age

distributions (Figure 1.2).

Females were classified as developing (n = 28, 46.7%), spawning capable (n = 13, 21.7%),
actively spawning (n = 3, 5%), regressing (n = 12, 20%), regenerating (n = 4, 6.6%), and
immature (n = 0) (Figure 1.5). The majority of males (n =92, 97.8%) possessed testes containing
spermatozoa and were therefore classified as reproductively mature and spawning capable while
the rest of the males with testes without spermatazoa were developing (n = 2, 2.2%) (1.6). No
males in the immature phase were observed. Age and length at sexual maturity could not be
calculated in terms of an Aso or Lso value for males or females as an no immature individuals
were collected due to sourcing samples from commercial fishers operating under a strict
minimum size regulation (illegal to harvest <356 mm FL). However, Kala are capable of
reaching sexual maturity within their first year and at 236 mm FL based on the smallest sexually

mature individual captured.

1.4.3 Spawning Periodicity

Both females and males exhibited temporal spawning patterns that were not uniform over an
annual cycle (Rayleigh test for females: » = 0.30, p = 0.004; for males: » = 0.28, p < 0.001),
instead demonstrating that spawning activity occurred during a defined seasonal period. Seasonal
patterns in gonadal development and reproductive investment were evident (Figure 1.7). Females
were dominated by the developing phase during winter (December-February), followed by

increased reproductive activity in spring (April-May), when the proportion of spawning-capable
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and actively spawning fish rose and GSI values peaked for both sexes (Figures 1.7, 1.8). Male
GSI was low during prespawning (December: ~0.40; February: ~0.05), increased to a maximum
during spawning (April: ~0.76; May: ~0.79), then declined sharply in June (~0.35) and remained
low during postspawning months (October: ~0.10; November: ~0.05); differences among months
were statistically significant (one-way ANOVA with Tukey HSD), with April and May
significantly higher than February (p < 0.001), and October and November significantly lower
than April and May (all p <0.05; Figure 1.8). Females showed a similar seasonal trend but with
higher variability, reaching peak GSI in April (~1.01) before declining through spawning (May:
~0.63) and postspawning periods (June-November: ~0.26—0.43), although differences among
months were not statistically significant (one-way ANOVA with Tukey HSD; all p > 0.05; Figure
1.8). By summer (June), all female individuals were in the regressing phase and fall samples

(October-November) were characterized by low GSI values and post-reproductive conditions.

Kala spawning activity peaked during April-May, with larvae entering the pelagic environment
and undergoing a planktonic larval duration (PLD) of approximately 60-94 days before settling
onto the reef (Planes et al., 2002; Doherty et al., 2004; Andrews et al., 2016). In Hawai‘i, the
median PLD is approximately 71 days, with juveniles settling at a median body length of 5.9 cm
(Andrews et al., 2016). Based on peak spawning in April-May and a PLD of ~71 days, settlement
onto Hawaiian reefs would be expected primarily during July-August. Following settlement,
juveniles require approximately 3-4 years to reach the minimum age at which they are
consistently represented in fishery samples at which point they become fully recruited to the
fishery. This biological timeline is consistent with the recruitment assumption used in the
Chapman-Robson catch-curve analysis, where ages younger than 4 were excluded to account for

incomplete recruitment and potential underrepresentation of younger individuals in the sample.

1.5 Discussion

Kala on Maui populations exhibit the characteristic “flat-topped” or “square” growth form
identified in other regions (Choat & Axe, 1996; Choat & Robertson, 2002; Eble et al., 2009a;
DeMartini et al., 2014; Taylor et al., 2014; Nadon, 2019) and from those observed on O‘ahu
(Nadon et al., 2015; Andrews et al., 2016). Consistent with previous research on long-lived
acanthurids (Choat & Axe, 1996; Choat & Robertson, 2002), Kala around Maui exhibit rapid

early growth, reaching near-asymptotic lengths within the first three to four years of life. This is
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followed by a prolonged period spanning decades of minimal linear growth, where body length
becomes effectively decoupled from age. Sex-specific growth differences were minimal, with
females exhibiting slightly higher growth coefficients than males but similar asymptotic lengths.
This weak sexual dimorphism is consistent with previous findings (DeMartini, 2016) and
suggests that size-based regulations are unlikely to disproportionately protect one sex over the
other. However, differences in maturation schedules and reproductive investment may still lead
to sex-specific vulnerability that is not captured by size-based metrics alone. The absence of
younger individuals in the sample, as reflected in the truncated lower end of the age distribution,
likely results from working with fishers subject to minimum size regulations and gear selectivity.
While this required constraining the # parameter, the overall growth trajectories remain

consistent with prior studies, suggesting that the estimates are biologically reasonable.

One of the most significant findings of this study is the disparity between the demographic
condition of Maui Kala and the populations previously studied on O‘ahu. Differences in growth
parameters between Maui and other Hawaiian populations may reflect differential fishing
pressure rather than true biological differences between populations (Trippel, 1995; Jennings et
al., 1999; Forestier et al., 2020). Size-selective fishing is known to preferentially remove the
oldest and largest individuals from exploited populations, truncating age structure and reducing
the representation of superannuate fish in samples. Globally, fishing has been linked to declines
of up to 23% in asymptotic body size in managed fisheries, suggesting that populations subject to
heavier exploitation may exhibit systematically lower L« estimates (Yan et al., 2026). O‘ahu,
with a resident population exceeding one million people, likely sustains substantially greater
fishing pressure than Maui (~150,000 residents), which could plausibly account for observed
differences in L« between islands without invoking intrinsic biological differences. Although
Kala have been documented to live up to 50 years in Hawai‘i (Andrews et al., 2016), no
individuals older than 38 years were observed in the present Maui sample. Although Kala have
been documented to live up to 50 years in Hawai‘i (Andrews et al., 2016), no individuals older
than 38 years were observed in the present Maui sample. This is consistent with the natural rarity
of superannuate individuals in reef fish populations rather than evidence of elevated local fishing
pressure on Maui. The presence of multiple age classes up to 38 years suggests a relatively stable
age structure around Maui compared to more heavily exploited areas, combined with the fact that

the sample size of the present study was approximately 20% of that of previous studies in
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Hawai‘i, rather than any underlying differences in longevity between the O ‘ahu and Maui
populations of Kala. The presence of older individuals further insinuates that, despite ongoing
fishing pressure, some portion of the stock can survive to advanced ages. However, the declining
frequency of older age classes evident in the age distribution is consistent with patterns observed
in exploited reef fish populations and likely reflects cumulative fishing mortality (Choat &
Robertson, 2002; Taylor et al., 2019). Older individuals appeared to be spatially concentrated

along the northeastern coast of Maui, potentially associated with spawning or feeding.

Kala does not appear to spawn in obvious territories or communally at predictable locations and
times like other surgeonfishes (Taylor et al., 2014). In Hawai‘i, spawning has been reported as
being highly seasonal, with a single brief peak period occurring in May and June (DeMartini et
al., 2014). This contrasts with populations in Micronesia (such as Palau and Pohnpei), where
spawning activity is more protracted and can occur throughout much of the year (Taylor et al.,
2014; Ford et al., 2016). Observations of spawning behavior in a controlled aquarium setting
revealed that a dominant male courted females with lateral displays and “flashing” (drastic, quick
color changes of the head and cephalic horn), suggesting a polygynous or dominance-based
mating system (Arai & Sato, 2007), though the specific mating strategy of Kala in the wild
remains unresolved. Ultimately, the combination of male dominance displays suggests a complex
mating system that may involve localized display areas or migrations to high-energy
environments, such as the northeastern coast of Maui, where older individuals are known to
concentrate (Meyer & Holland, 2005). Similar spatial structuring between sexes has been
documented in other large-bodied reef fishes, where older, more fecund individuals occupy
specific habitats or aggregation sites (Rhodes & Tupper, 2008; Taylor et al., 2019). If such areas
function as reproductive hotspots, their exploitation could disproportionately reduce spawning

biomass, even when overall abundance appears relatively stable.

Histological analysis confirmed that Kala are gonochoristic, with no evidence of sequential
hermaphroditism, consistent with previous work (Eble et al., 2009b). The male-biased sex ratio
(1:1.57) may reflect behavioral differences, differential mortality, or sampling bias. Despite this,
the high proportion of reproductively active males suggests that fertilization success is unlikely
to be limited. Although size- and age-at-maturity could not be formally estimated due to the

absence of immature individuals, the presence of mature fish at relatively small sizes indicates
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that Kala are capable of early maturation. This inference is supported by the lack of immature
individuals in the sampled size range, suggesting that most fish vulnerable to the fishery are
already reproductively active. Spawning activity was strongly seasonal, with clear temporal
patterns in both gonadosomatic index (GSI) and reproductive phase composition. GSI values for
both males and females peaked during spring (April-May), indicating increased reproductive
investment. Concurrently, the proportion of spawning-capable and actively spawning females
increased during these months, while developing individuals dominated in winter and regressing
individuals dominated in summer, starting in June. Together, these patterns indicate a well-
defined spawning season rather than continuous reproduction, which has been described for
another surgeonfish in Hawai‘i, Achilles Tang Acanthurus achilles (Grabowski et al., 2025). This
seasonal progression, from developing (winter) to spawning (spring) to regressing (summer), is
consistent with reproductive cycles documented in other Indo-Pacific Kala populations
(Robertson, 1983; DeMartini et al., 2014). The concentration of reproductive activity within a
narrow temporal window increases susceptibility to fishing during peak spawning but also

provides a clear opportunity for management intervention.

The statewide legal size limit still poses a potential risk to female reproductive output, as females
reach sexual maturity at approximately 3-4 years of age (4s50) and 355 mm fork length (Lso),
despite rapid early growth, that allows many individuals to approach or exceed this size before
contributing to multiple spawning seasons (DeMartini et al., 2014; Andrews et al., 2016). Given
the high interannual variability in recruitment documented for this species, a single spawning
event may contribute little to population replenishment in any given year. This variability
underscores the importance of maintaining older, repeat-spawning individuals in the population,
as the cumulative reproductive contribution of fish that spawn across multiple seasons provides a
buffer against years of poor recruitment success, a resilience mechanism that would be weaken
by fishing pressure targeting larger, older size classes. As a result, a substantial proportion of
females may attain the legal-size limit prior to realizing their full reproductive potential. This
suggests that while current commercial practices (with a selectivity length of ~50.2 cm) are
conservative, the legal minimum size may not be high enough to protect the most fecund females
in all fishing sectors. Since Kala reach near-asymptotic size early in life, size limits alone may
not ensure that individuals contribute substantially to reproduction before being harvested. This

concern is reinforced by the seasonal reproductive patterns observed, which indicate that
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reproductive output is concentrated within a limited portion of the year. The combination of
spatial structuring and seasonal reproduction suggests that more effective management could be
achieved through a combination of spatial and temporal measures. Protecting areas where older
individuals occur, particularly if these coincide with spawning activity, may help preserve the
most reproductively valuable segment of the population. Similarly, seasonal closures during peak
spawning months (April-May) could reduce fishing pressure when the population is most
vulnerable. Future assessments should prioritize the integration of age-based data and continue to

incorporate local ecological knowledge through collaborative research.

Importantly, this study highlights the disconnect between conventional stock assessment outputs
and fisher perceptions. Fishers often encounter large individuals in specific areas or seasons,
creating the perception of a healthy stock, even when age-based assessments indicate a truncated
age structure. At the same time, underwater visual dive surveys (UVS) disproportionately sample
smaller, non-schooling Kala because larger, schooling individuals typically do not frequent reef
habitats. These discrepancies between UVS dive survey data and commercial catch data for Kala
likely arise from sampling biases that can lead to an overestimation of fishing pressure and a
distorted representation of the overall stock. A primary contributor driver of this to the bias
associated with UVS is the species' recognized wariness toward divers (Hoey & Bellwood, 2009;
Ford et al., 2016). Research indicates that the “acquired behavior” of commercial reef fish,
specifically avoiding human presence, means census-based UVS often fail to capture the true
abundance and biomass of larger individuals (Bierwagen et al., 2016; Ford et al., 2016). For
instance, while some diver-based surveys reported extremely low densities or near absences in
certain reef zones, stationary video deployments and commercial landings from those same areas
revealed the species to be prevalent and abundant (Bierwagen et al., 2016; Ford et al.,

2016). Furthermore, scientific dive surveys are typically limited by depth (often to 30 m) for
safety and focus heavily on high-rugosity reef habitats. Since Kala exhibit ontogenetic habitat
shifts, where larger adults move into deeper fore-reefs or more exposed high-energy reef edges
(depths of 120 to 200 m) standard shallow-water transects systematically miss the “old-growth”
segment of the population (Meyer & Holland, 2005). These methodological limitations create a
data set that is biased toward smaller, non-schooling individuals, which length-based models
interpret as a truncated age structure caused by intense fishing. This frequently results in an

overestimation of fishing mortality and an artificially low spawning potential ratio (SPR),
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creating a perception of recruitment overfishing that may not reflect the actual status of the
broader population. The importance of integrating commercial catch data as a corrective measure
was illustrated in Guam when a local boat ramp closure shifted fishing effort to deeper,
previously inaccessible areas, which resulted in a catch data showing a sudden influx of large
individuals that had been completely absent from standard nearshore surveys (Nadon, 2019).
However, it is important to note that this could have also come from fishing ground expansion
and local depletion as well. Ultimately, relying solely on dive survey data risks implementing
overly restrictive management based on sampling artifacts rather than biological reality,
emphasizing the need for multiple, integrated data sources to accurately evaluate stock health.
Addressing this mismatch will be critical for building trust and ensuring compliance with
management measures from both fisher and regulator perspective (Fujita, 2021; Rassweiler et al.,
2020). Providing fishers with locally relevant data on age structure and spawning timing is the
first step toward gaining the community “buy-in” necessary for effective, durable conservation
measures. The differences observed between Maui and previously studied populations further
emphasize the importance of region-specific assessments as variation in fishing pressure and
habitat may influence both age structure and reproductive dynamics, and management strategies
that should account for this spatial heterogeneity rather than relying on generalized assumptions

derived from other locations.
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Table 1.1 Mean (+ SE) and range of fork lengths (FL in mm) and weights (W in g) and von
Bertalanffy growth function parameter estimates (= SE) of Kala (Bluespine Unicornfish, Naso
unicornis) collected from around Maui Island during 2024-2025.

Mean

Sex N (SE) Range, 1\(486]3;1 Range, W Lo (mm k(yr'; o (yr;
FL  FL (mm) (2) FL; SE) SE) SE)
W(g)
(mm)
| | | 1
486.9 2281.7 521.6 0.38 -0.10
Male 94 (55 3137572 (643 215°315 (586)  (0.04) (0.30)
495.1 2388.7 522.2 0.43 -0.10
Female 60 3.1) 236 — 590 (80.2) 244 — 3805 4.60)  (0.05) (0.26)
490.1 2497.0 532.9 0.22 -2.9
Pooled 578 (1.9) 236 — 590 (22.9) 215 —-4000 (182)  (0.01) (0.40)

23



Table 1.2 Diagnostic criteria for determining the reproductive phase of functional females and
males of Kala (Bluespine Unicornfish Naso unicornis) collected in the waters around the Maui
between May 2024 — June 2025. Photographs showing examples of these stages are presented in
Figure 4. Criteria were adapted from Brown-Peterson et al. (2011).

Reproductive phase ~ Most advanced oocyte stage Mature  Characteristics

FEMALE

Immature Oogonia, chromatin nucleolar ~ No Primary growth oocytes (PO) were identified by chromatin nucleolus
(CN), or perinucleolar (PN) (CN) features, including a large germinal vesicle surrounded by a thin

cytoplasmic layer. During the perinucleolar (PN) stage, the nucleus
expanded and nucleoli were located along the oocyte periphery. A thin
ovarian wall (OW) was present.

Developing Cortical alveolar (CA) and/or  Yes Marked by presence of primary growth oocytes and cortical alveolar
Early vitellogenic (VT I or oocytes (CA) in the cytoplasm-D1 and/or of early vitellogenic oocytes
VTII) (VTI), and later stage oocytes may be present (VTII).

Spawning capable Late state vitellogenic oocytes ~ Yes Presence of late state vitellogenic oocytes (VTIII), early stage vitellogenic
(VTILD), oocytes may be present. May also contain late-stage post-ovulatory follicle

(POF) complexes and evidence of atresia.

Actively spawning Germ vesicle migration Yes Presence of late-stage germinal vesicle migration (GVM), germinal
(GVM), germ vesicle vesicle breakdown, hydrated oocytes (HY), ovulated eggs, and/or recent
breakdown (GVBD), POFs. Ovaries may also contain atretic oocytes.
hydrated oocytes (H),
ovulated eggs, POFs

Regressing Perinucleolar, cortical Yes Primary growth oocytes were present but were dominated by atretic
alveolar or vitellogenic oocytes even though cortical alveolar oocytes or vitellogenic oocytes may

also have been observed.

Regenerating Perinucleolar Yes Only primary growth oocytes were present and possessed large muscle
bundles and blood vessels, thick ovarian walls, and potentially unabsorbed
materials from past spawning events

MALE

Immature No Spermatogonia and early spermatogenic tussue present. No spermatozoa.

Developing Yes The gonad exhibited active spermatogenesis, with clusters of
spermatocysts distributed throughout the tissue. Spermatozoa present.

Spawning capable Yes Spermatogenesis present with pockets of spermatocysts and spermatozoa

in sperm sinus.
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Figure 1.1 Collection locations of Kala (Bluespine Unicornfish, Naso unicornis) around Maui,
Hawai‘i during 2024 -2025. Colored coastline segments denote regions included in the study:
Kihei (red; n =152), Ma‘alaea (green; n = 50), and the North Shore (pink; n = 367). The Kaupo
(yellow) and Lahaina coastline (blue) is shown for reference only. Specific sampling locations
are omitted to protect commercially sensitive fishing grounds.
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Figure 1.2 Length at age for male (» = 90) and female (n = 60; A) and length at age for pooled
sampled (n = 578; B) for Kala (Bluespine Unicornfish, Naso unicornis) sampled from around
Maui during 2024-2025.
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Figure 1.3 Photograph of cross sections of sagittal otoliths from three Kala (Bluespine
Unicornfish, Naso unicornis) estimated to be age-38 (A; female, 572 mm FL), age-15 (B; male,
533 mm FL), and age-1 (C; female, 236 mm FL) collected from around Maui during 2024-2025.
Red arrows point to the starting annulis. Scale bar represents 500 um and all images are to the
same scale.
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Figure 1.4 Relative length-frequency (A) and age-frequency (B) distributions by sex of Kala (Bluespine Unicornfish, Naso unicornis),
sampled from around Maui, Hawaii during 2024-2025. Fork length (FL in mm) was recorded (n = 578) and grouped into 25-mm FL
bins. Age was successfully recorded from a subsample (n = 150).
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Figure 1.5 Stages and reproductive phases of female Kala (Bluespine Unicornfish, Naso
unicornis following Brown-Peterson et al. (2011). (A) developing female with primary-stage
oocytes (PO) and cortical alveoli (CA) oocytes, (B) spawning capable female with Stage I and I1I
vitellogenic ooctyes (VTI and VTIII respectively), CA, and PO, (C) actively spawning female
with hydrated oocytes (H), (D) regressing female with beta and gamma atresia, delta atresia
(DELTA) and PO, (E) regenerating female with PO, delta atresia, large muscle bundles, and
melanomacrophage centers (MMC). All scale bars: 300 um.
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ie 1.6 Spawning apale female Kala (Bluespine Unicornfish, Naso unicoris individuals
sampled from around Hawai‘i Island during 2024-2025. (A) Mature spawning capable male with
melanomacrophage centers (MMC) present and spermatozoa in ducts and crypts (scale bar = 300

um). (B) Mature developing male with some spermatozoa present and clusters of spermatocysts
distributed throughout the tissue (scale bar = 300 pm).
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Figure 1.7 Seasonal variations in gonadosomatic index (GSI) values (mean+ SE) of male (n = 94 per month) and female (n = 60 per
month) Kala (Bluespine Unicornfish, Naso unicornis) across different spawning periods during October 2024-June 2025) around
Maui. Superscripts with the same letter on the top of the bar indicate that the mean GSI values are not significantly different (Tukey’s

HSD, p < 0.05).

31



n=13 n=16

100%
80%
60%

n=8 n=5 n=3 n=8
0% 1 I I I

Percent Frequency

40%
20%

& & & & S & )

Gonadal Phase . actively spawning . developing . regenerating . regressing |:| spawning capable

Figure 1.8 Percentage frequency of female (n = 60) Kala (Bluespine Unicornfish, Naso unicornis) reproductive phases per month
around Maui, Hawai‘i during 2024-2025. Sample sizes per month are indicated above the bars.
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Chapter 2: AGE-STRUCTURED STOCK ASSESSMENT TO DETERMINE
POPULATION STUCTURE OF NASO UNICORNIS AROUND MAUI

2.1 Abstract

Effective management of coral reef fisheries depends on accurate life-history and stock
assessment data, yet such information is often lacking for individual reef species. Length-based
stock assessments are widely used in data-limited settings, but their reliability is compromised
for species with decoupled size—age relationships, such as Kala (Bluespine Unicornfish, Naso
unicornis), a culturally important herbivore in Hawai‘i. Kala completes nearly 80% of their
linear growth within the first 15% of their lifespan, causing multiple age classes spanning
approximately 5-50 years to overlap within a narrow size range, limiting the utility of length-
frequency analyses. To evaluate how assessment method influences stock status conclusions, the
application of both length-based (LBSPR) and age-based (Chapman-Robson, Spawning Potential
Ratio (SPR) approaches were used to a sample of 578 Kala collected around Maui, Hawai‘i
between 2024-2025, incorporating sex-specific von Bertalanffy growth parameters, maturity,
and otolith-derived age estimates. Both approaches indicated that the Maui stock is currently
exploited below the SPR4o reference point, with length-based and age-based estimates of

F/F SPRA40 suggesting that current fishing mortality represents approximately 22—-26% of the
sustainable harvest threshold. The length-based method yielded a slightly higher fishing
mortality estimate than the age-based approach, consistent with known sensitivities of LBSPR to
individual growth variability. Selectivity parameters indicated that Kala are targeted at or near
their asymptotic length on Maui, a more favorable pattern than documented for O‘ahu and
Micronesian populations. Despite the current healthy stock status, age-based analyses underscore
that length-only regulations cannot protect the disproportionate reproductive contribution of
older, more fecund individuals. These findings highlight the value of integrating age and length-
based methods for species with complex life histories and support the development of locally
relevant, age-informed management strategies for this ecologically and culturally significant reef

species.
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2.2 Introduction

Effective management of coral reef fisheries requires balancing the economic and cultural needs
of the local communities with the ecological roles of harvested species, such as maintaining
herbivore populations to prevent phase shifts toward algal dominance (Hoey & Bellwood, 2009;
Ford et al., 2016). Accomplishing this requires accurate characterization of the life histories,
population dynamics, and fisheries of key resource species. Stock assessments are fundamental
scientific instruments used to generate quantitative predictions regarding the response of fish
populations to human exploitation, environmental variability, and varied management strategies
(Hoggarth, 2006). These evaluations serve as the base of fisheries management and conservation,
providing essential demographic data needed to optimize harvest yields while simultaneously
protecting the reproductive capacity of a population to prevent catastrophic collapse (Choat &

Robertson, 2002; Nadon et al., 2015).

Conducting traditional stock assessments in coral reef fisheries is often challenging due to the
limited amount of biological and fisheries-dependent data on targeted species (Sadovy, 2005;
Fenner, 2012; Edgar et al., 2019). Though reef fisheries are economically important in aggregate,
individual species often represent a relatively small component of the total catch, making it
challenging for resource managers to justify costly, species-specific assessments. In addition,
fishing effort is frequently spatially and temporally diffuse due to substantial noncommercial
participation and decentralized landings that are difficult to monitor (McClenachan & Kittinger,
2013). Fisheries-independent data are also used in stock assessments for reef fisheries, with
visual surveys designed to monitor overall reef health comprising the primary data source used to
assess trends in reef fish populations (Halford & Thompson, 1996; Heenan et al., 2017).
Traditional stock assessments, which typically rely on fishery-dependent data and robust life-
history information are often difficult to apply to reef fish stocks and as a result, alternative
methods adapted to data-limited systems, such as length-based stock assessments, have been

developed (Nadon et al., 2015).

Length-based stock assessments evaluate population status using length-frequency data rather
than individual fish ages, making them useful for data-limited fisheries where long-term catch
records and age-validated samples are unavailable (Nadon et al., 2015; Medeiros-Leal et al.,

2023). In contrast, traditional assessments are typically age-structured and rely on time series of
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abundance indices and total removals (i.e., the complete accounting of all fish extracted from the
population through commercial landings, recreational catch, discard, and bycatch) to track
demographic changes through cohorts over time. Although length-based approaches are widely
applied, their reliability depends strongly on species life-history characteristics, particularly the
relationship between size and age (Choat & Robertson, 2002; Chong et al., 2019; Wang et al.,
2025). For many long-lived reef fishes, including taxa characterized by rapid early growth,
delayed maturation, and extended longevity, size and age are often decoupled, meaning that large
body size does not necessarily indicate older age or higher lifetime reproductive output (Choat &
Robertson, 2002; Andrews et al., 2016). This mismatch can bias mortality and stock status
estimates because standard models assume a consistent relationship between length and age that
does not hold in these life-history types. As a result, length-based methods may misrepresent
population structure and reproductive capacity, particularly when age-specific variation in
growth and fecundity is important for assessing sustainability (Choat & Robertson, 2002; Kell &
Sharma, 2025). An example of this is found in reef fish families like Acanthuridae
(surgeonfishes) which often exhibit “square” growth curves where individuals grow rapidly until
they reach maturity and then abruptly stop or have a slow somatic growth, even though they may
continue to live for decades (Choat & Robertson, 2002). This pattern causes numerous age
classes to accumulate within only a few narrow size classes, making it impossible for length-only
data to differentiate between young and very old fish. Since length-based methods cannot
account for these relatively old and fecund females, they fail to capture critical age-specific
variations in reproductive effort and the true longevity of the stock, which can lead to an

overestimation of the population's resiliency to exploitation (Hixon et al., 2014).

In Hawai‘i, Bluespine Unicornfish (Naso unicornis), hereafter referred to by its Hawaiian name,
Kala, serves as a specific example of how length-based assessments can produce biased
estimates for long-lived species but also species with the decoupled age-growth relationship.
Kala grows very rapidly to near-maximum size early in life, often by age 4, and then remain at
that size for the majority of their half-century life span (Choat & Robertson, 2002; Andrews et
al., 2016; Reed et al., 2024). Nearly 80% of their linear growth occurs within the first 3-4 years
of their lifespan, resulting in a population structure in which multiple age classes, approximately
5-50 years, overlap within a relatively narrow size range,~32-70 cm fork length (FL), thereby

limiting the utility of length-frequency analyses as an assessment tool because they cannot
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distinguish between young individuals and those that reached their asymptotic size decades
earlier (Choat & Axe, 1996; Choat & Robertson, 2002; Eble et al., 2009a; Andrews et al., 2016;
Pardee et al., 2022).

Using purely length-based methods to estimate mortality for Kala may bias stock status
conclusions, particularly given the species’ decoupled age—growth relationship, and could
increase the risk of overharvesting older, more fecund individuals without detection (Eble et al.,
2009a; DeMartini et al., 2014; Andrews et al., 2016). While previous studies have highlighted
these concerns, the extent to which length-based approaches diverge from age-based estimates
for Kala populations in Hawai‘i remains unclear. Age-based methods, derived from analysis of
growth zones in sagittal otoliths and validated using approaches such as bomb radiocarbon
dating, provide an opportunity to more accurately characterize longevity and length-at-age across
the species’ full lifespan (Eble et al., 2009a; DeMartini et al., 2014; Andrews et al., 2016).
Additional complexities in Kala population dynamics have also been documented, including
biphasic mortality patterns described in other populations, like those around O ‘ahu (Taylor et al.,
2019; Taylor, Prince, et al., 2024), further emphasizing the importance of region-specific life-
history assessments. In Hawai‘i, for example, the legal minimum size limit of 35.6 cm FL (14
inches) effectively allows nearly all males to mature, yet approximately two-thirds of females
may still enter the fishery before reaching reproductive maturity (Eble et al., 2009a; DeMartini et
al., 2014). Inclusion of age data allows managers to more effectively set minimum and maximum
size limits that protect the breeding population and account for the high value of older females to
population replenishment (Andrews et al., 2016; Ford et al., 2016; DeMartini et al., 2017; Taylor,
2019).

As a result, significant knowledge gaps remain regarding spatial variation of the age structure,
island specific growth rate, maturation schedules, and spawning phenology of Kala populations
across the diverse habitats of the Hawaiian Archipelago. These gaps are particularly pronounced
for the waters around Maui, where the Kala supports both commercial and non-commercial
fisheries averaging thousands of kilograms in annual landings yet has never been assessed using
region-specific age-structure or reproductive data. Therefore, the objective of this study was to
evaluate age-based and length-based stock assessment approaches for Kala around Maui by

developing life-history inputs describing age structure, growth, and reproductive dynamics.
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These estimates are used to examine how sex-specific traits and the decoupling of size and age
may influence the applicability of length-based versus age-based stock assessment methods. By
applying age-structured stock assessment approaches derived from validated otolith analysis and
local life history parameters specific to the Maui population presented in Chapter 1, this research
aims to provide a high-resolution understanding of population status in a heavily fished but
understudied region. This work provides the essential demographic information needed to
support effective, locally relevant management of a species that serves as a keystone macroalgal

browser, is deeply culturally valued, and remains uniquely vulnerable to overexploitation.

2.3 Methods

2.3.1 Sample collection, age, growth

I used VBGF parameters estimated from a sample of 154 Kala captured from Maui during 2024-
2025 and aged from sagital otoliths (Chapter 1, section 1.3.1).

2.3.2 Natural mortality
Natural mortality (M) for Kala was estimated using 7max, the maximum observed age reported for
the species (7max = 50 years, Andrews et al. 2016), with the following empirical equation

developed by Hamel and Cope (2022):

M = 5.4

[Equation 2]

Tmax

The value for M was then used in the age and length-based stock assessment of this species.

2.3.3 Age-based stock assessment

Age-based mortality estimates were derived from a subset of 154 Kala captured from Maui
during 2024-2025 and aged from sagittal otoliths (Chapter 1). These age estimates were used to
construct age-frequency distributions representing the age structure of the sampled population
and were double-binned (two-year age-class bins) prior to analysis to reduce variability among

adjacent age classes and improve the stability of mortality estimates (Nadon et al., 2015).

Total instantaneous mortality (Z) was estimated using the Chapman-Robson estimation

procedure (Chapman & Robson, 1960) with age ranges of 4-52 yrs and 4-38 yrs. The 4-52 yrs
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range encompasses the maximum observed longevity for the species across Hawai‘i (Andrews et
al., 2016), while the 4-38 yrs range includes the maximum age observed within this dataset from
Maui (Chapter 1). Comparable estimates of Z across these ranges indicate that inclusion of the
oldest individuals does not substantially influence mortality estimates. Ages < 4 yrs were omitted
from the analysis to reduce bias associated with incomplete recruitment to the fishery and

potential underrepresentation of younger individuals in the sample.

Fishing mortality (F) was subsequently estimated by subtracting natural mortality (M) from Z
(Hordyk et al., 2014):

F = Z—M [Equation 3]

Natural mortality estimates were derived from longevity-based methods using the maximum
observed age of Maui Kala as described above and were incorporated into the calculation of

fishing mortality.

Maturity at age (m«) was modeled using a logistic function parameterized by the age at 50%
maturity (4so = ~ 2 yr) and the age at 95% maturity (4os = ~ 4 yr), with the curve defined as
(Haddon, 2011):

1
1+4+e-1n(19)(a-As50)/(Ag5—Asg

mg = [Equation 4]

Fishery selectivity at age was modeled using the same logistic form (Beverton & Holt, 1993;
Haddon, 2011). Length-based selectivity parameters (SLsy = 501.82 mm FL, SLqgs =
617.65mm FL) were first estimated from length-frequency data using the LBSPR method
(Hordyk et al., 2014). Since SLqo5 exceeded the asymptotic length predicted by the von
Bertalanffy model, tg;9swas capped at the maximum observed age of 52 years. The length
selectivity parameters were converted to age using the inverse von Bertalanffy equation (von

Bertalanffy, 1938):

tg, =ty — %ln (1— i) [Equation 5]
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yielding an age at 50% selectivity of ts; 5o = 10.0yr. Selectivity at each age was then calculated

as:

1
1+e~In(19)-(a~tsy50)/(tsLos—tsLs0)

Sq = [Equation 6]

Recruitment into the fishery was assumed to occur at age t,, = 4yr, consistent with the minimum
age observed in samples (Andrews et al., 2016). Survivorship to each age was modeled under
unfished and fished conditions respectively as (Beverton & Holt 1957):

—M(a—t;)

Nunfished (@) =e [Equation 7]

Nyishea(a) = e~+F5(@=tD  [Equation 8]
where fishing mortality at each age is scaled by selectivity s,, such that younger, less-selected age
classes experience lower fishing pressure. A plus-group correction was applied at t,,,, to account

for the cumulative contribution of fish surviving beyond the maximum observed age (Quinn &
Deriso, 1999):

N (tmax) .
Nplus = m [Equatlon 9]

Spawning biomass per recruit (SBPR) was calculated by summing the product of survivorship,

maturity, and weight across all age classes (Goodyear, 1993):

SBPR = 3 " N(a) Mg - Wy + Nppys - e, - W,

tmax

[Equation 10]

This was computed separately under unfished (M only) and fished (M + Fs.) conditions to
derive SPR.

The fishing mortality rate corresponding to 40% SPR (Fspra4q0,) Was identified numerically by

solving:
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SPR(FSPR4-0%) - 0.4‘0 [Equatlon 11]

using a root-finding algorithm across a range of candidate F values. Stock status was evaluated
by comparing current fishing mortality to this reference point, a stock is considered overfished if
Feurrent > Fspraoo, (Clark, 1991). The ratio F,yrent / Fspraoo,Was reported as a standardized

index of fishing pressure.

2.3.4 Length-based stock assessment

The length-frequency distribution of Kala was evaluated over a one-year period by aggregating
fork length (FL) measurements from fish collected around Maui, Hawai’i between 2024-2025 (n
= 578). The stock status was evaluated using the Length-Based Spawning Potential Ratio
(LBSPR) framework to estimate the ratio of fishing mortality to natural mortality (F/M) and the
spawning potential ratio (SPR) using the length-based spawning potential ratio framework
described by Hordyk et al. (2014). The model utilizes maximum likelihood estimation (MLE) to
identify the values of relative fishing mortality (F/M) and selectivity-at-length that minimize the
discrepancy between the observed and expected length-frequency distributions of the catch. A
fundamental assumption of this framework is that the population exists in a state of equilibrium,
characterized by constant recruitment and mortality over the analyzed period. The model was
parameterized using species-specific life-history inputs derived from biological parameters in
this study. Primary inputs included the asymptotic length (L), the von Bertalanffy growth
coefficient (k), and the lengths at 50% (Lso) and 95% (Los) sexual maturity. Length at maturity
estimates were obtained from previous work which indicated that 50% of individuals reach
maturity at 355 mm FL (Lso) and 95% of individuals reach maturity at 450 mm FL (Los;
(DeMartini et al., 2014). Additional biological variability was incorporated by defining the
coefficient of variation for length-at-age (CVi«), which accounts for individual growth

differences within the population.

Statistical modeling was implemented in R v. 4.5.1 (R-Core-Team, 2026) using the LBSPR
package (Hordyk et al., 2014). Estimates for SPR, the ratio, and logistic selectivity parameters
(the lengths at which 50% and 95% of individuals are selected by the gear, SLso and SLos) were
generated using the LBSPRfit function. The resulting SPR representing the current spawning
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stock biomass per recruit relative to its unexploited state was evaluated against a 40% reference
point (SPR40), a commonly used biological benchmark corresponding to the level of fishing
pressure that maintains adequate reproductive capacity and avoids recruitment overfishing

(Clark, 1991; Goodyear, 1993).

To quantify uncertainty in SPR estimates derived from the length-based LBSPR model, bootstrap
resampling (n = 1,000 iterations) was applied to the observed length-frequency data (Tibshirani
& Efron, 1993). In each iteration, lengths were resampled with replacement, binned into 25 mm
intervals, and refitted using LBSPRfit() with biological parameters held constant. The 2.5th and
97.5th percentiles of the resulting parameter distributions were used to construct 95% confidence
intervals for SPR, F/M, selectivity (SLso, SLos), and current fishing mortality (F_current). For the
age-based per-recruit analysis, two sources of uncertainty were evaluated separately. First,
bootstrap resampling (n = 1,000 iterations) of the length-weight data was used to propagate
uncertainty in the length-weight regression coefficients (a, b) through the spawning biomass-per-
recruit calculations, producing 95% confidence intervals for SPR, F SPR40, and F/F SPR40
(Tibshirani & Efron, 1993). Second, a sensitivity analysis was conducted across plausible ranges
of natural mortality (M = 0.09-0.12) and total mortality (Z = 0.21-0.27), bracketing the base case
estimates of M = 0.104 and Z = 0.237. These ranges were chosen to reflect typical estimation

uncertainty in mortality parameters for tropical reef fish (Hordyk et al., 2014).

2.4 Results

A total of 578 Kala (Naso unicornis) that was collected from Maui (n = 578) ranged from 236-
590 mm FL (median: 495 mm FL; Table 2.1). A total of 578 Kala (Naso unicornis) were
collected from Maui, ranging from 236 to 590 mm FL (median: 495 mm FL; Table 2.1). Growth
differed significantly between sexes (F2,140 = 3.67, P = 0.03), with females exhibiting a faster
growth coefficient (K =0.42 £ 0.05 yr ') than males (K = 0.37 £ 0.04 yr'). Both sexes reached
similar asymptotic lengths (L. = 533 mm FL; t% = -0.10; Table 2.1), with rapid growth in the first

four years followed by slower growth thereafter (Figure 2.3).

The age-based stock assessment yielded a natural mortality rate of A = 0.104 yr! and a total
mortality rate of Z = 0.237 yr'. Fishing mortality was derived as /' = 0.133 yr', with a ratio of
fishing mortality to natural mortality (F/M) of 1.28. Spawning potential ratio (SPR) was
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estimated at 0.551 (95% CI: 0.546-0.557), and the fishing mortality reference point # SPR40
was 0.266 yr' (95% CI: 0.258-0.274), yielding an F/F SPR40 ratio of 0.503 (95% CI: 0.487-
0.518; sensitivity range: 0.282-0.817; Table 2.3). The length-based LBSPR model produced
similar results, estimating fishing mortality at F = 0.158 yr (95% CI: 0.086-0.208) and SPR at
0.662 (95% CI: 0.620-0.730), with an F/F_SPR40 ratio of 0.261. Selectivity parameters
indicated that 50% of fish in the catch were vulnerable to the fishery at SLso = 501.82 mm FL
(95% CI: 478.84-507.27 mm), with full selectivity reached at SLos = 617.78 mm FL (95% CI:
590.98-624.40 mm; Table 2.2). Bootstrap resampling (» = 1,000 iterations, seed = 123) was used
to derive all confidence intervals. Sensitivity analysis across plausible natural mortality values
(M =0.09-0.12) yielded a narrow SPR range of 0.610-0.720 and F_current range of 0.149—-0.166
yr !, confirming that length-based estimates were robust to uncertainty in M (Table 2.2). For the
age-based per-recruit analysis, bootstrap resampling (r» = 1,000 iterations, seed = 123) of the
length-weight data was used to propagate uncertainty in regression coefficients (a = 0.003292, b
= 2.179) through the spawning biomass-per-recruit calculations (Efron & Tibshirani 1993),
yielding 95% confidence intervals of 0.546-0.557 for SPR, 0.258-0.274 yr* for F SPR40, and
0.487-0.518 for F/F_SPR40 (Table 2.3). The narrow bootstrap confidence intervals reflect the
limited influence of length-weight regression uncertainty on SPR estimation, as weight terms
largely cancel in the spawning biomass-per-recruit ratio. Sensitivity analysis across plausible
natural mortality (M = 0.09-0.12) and total mortality (Z = 0.21-0.27) values yielded a wider SPR
range of 0.444-0.676 and F©_SPR40 range of 0.220-0.320 yr!, highlighting natural and total
mortality as the dominant sources of structural uncertainty in the age-based model (Table 2.3).
Despite this wider sensitivity range, the population was classified as not overfished across all 49
parameter combinations tested. In both methods, all uncertainty scenarios resulted in /' current

remaining consistently below F~ SPR40.

2.5 Discussion

The results of this study suggest that the Kala population sampled around Maui is currently in a
relatively healthy state with respect to fishing pressure. Selectivity parameters estimated by the
LBSPR model indicate that Kala become vulnerable to the fishery at SLso = 501.8 mm FL, with
full selectivity (SLss) not reached until 617.7 mm FL. These values suggest that the fishery is
largely targeting individuals that are at or near their asymptotic length, meaning that a substantial

portion of the population's growth and reproductive potential has already been realized prior to
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first capture. This is generally considered a favorable selectivity pattern from a stock
sustainability perspective, as it allows fish to contribute to reproduction before becoming fully
recruited to the fishery. This selection size on Maui contrasts sharply with the findings from
O‘ahu and the broader Main Hawaiian Islands, where the length at first capture was estimated at
only 260 mm FL (Nadon et al., 2015). This discrepancy likely reflects fundamental differences in
the underlying data sources used to estimate selectivity rather than true biological differences
between populations. Nadon et al. (2015) and subsequent assessments (McCoy et al., 2019)
relied primarily on NOAA Reef Fish Monitoring dive survey data and Division of Aquatic
Resources (DAR) survey data, both of which are conducted on hard-bottom reef habitats.
However, Kala exhibits ontogenetic habitat shifts, with juveniles and smaller individuals
associated with shallow reef environments while larger, older adults tend to occupy deeper or
more rugose habitats less accessible to standardized dive surveys (Meyer & Holland, 2005;
Marshell et al., 2011; Ford et al., 2016). As a result, dive-based length-frequency data may under
sample the adult component of the population, producing length distributions skewed toward

smaller individuals and consequently generating low estimates of length at first capture.

This data limitation has important implications for stock status conclusions. A length-frequency
distribution dominated by small fish, whether due to true depletion of larger size classes or
simply reflecting the habitat bias of the survey method, will produce low SPR estimates that may
incorrectly suggest overfishing. If adult Kala are largely absent from standardized dive survey
data because they occupy habitats not sampled by those methods, then assessments relying solely
on dive or market data may substantially underestimate the true abundance and SPR of the adult
spawning stock. Our study addressed this limitation by incorporating fishery-dependent length
data collected directly from the Maui nearshore fishery, which captures a broader size range of
the population including larger reproductive adults. Consequently, while the Maui fishery allows
most fish to reach reproductive maturity before they are targeted, the O‘ahu fishery harvests
portions of the population at sizes well below the median maturity threshold, which has likely
contributed to the recruitment overfishing concerns documented in that region (Nadon et al.,
2015; Ford et al., 2016). These differences in size-selective harvest patterns are even more
pronounced when comparing Hawai‘i to Micronesian populations. In regions like Guam, a large
proportion of the harvested Kala consists of immature individuals (estimated at 39%-75%),

which may reflect either targeted harvest of smaller size classes or, alternatively, a depleted stock
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in which larger adults have been preferentially removed through sustained fishing pressure,
leaving juveniles and sub-adults as the dominant size classes available to the fishery (Ford et al.,
2016). In regions like Guam, a large proportion of the harvested Kala consists of immature
individuals (estimated at 39%-75%), which may reflect either targeted harvest of smaller size
classes or, alternatively, a depleted stock in which larger adults have been preferentially removed
through sustained fishing pressure, leaving juveniles and recent mature adults as the dominant
size classes available to the fishery (Ford et al., 2016). Distinguishing between these two
scenarios has important management implications the former suggests a gear or cultural
selectivity pattern, while the latter indicates population-level overexploitation and a truncated
size structure consistent with an overfished stock. In the Commonwealth of the Northern
Mariana Islands (CNMI), reports suggest that up to 90% of the harvested Kala are immature
(Ford et al., 2016). These differences are partly driven by regional life-history variation; while
Kala around Maui reach a mean maximum length of approximately 533 mm FL, populations in
Guam and Pohnpei have smaller asymptotic lengths, often < 500 mm FL (Taylor et al., 2014;
Ford et al., 2016).

The ratios of current fishing mortality to F SPR40 derived from both the length- and age-based
approaches indicate that the Maui stock is being exploited well below the SPR40 target reference
point. The length-based estimate and the age-based estimate both suggest that current fishing
mortality represents approximately 22-26% of the mortality rate of sustainable harvest, i.e.,
F_SPR40. These results indicate that the fishery is currently operating at a relatively low fishing
intensity, and that exploitation pressure remains within sustainable bounds as defined by this
reference point (Mace, 1994; Shertzer et al., 2024). A substantial divergence was observed
between the two estimation approaches in their /' SPR40 reference points, with the length-based
F/F _SPRA40 ratio (0.261) being approximately half that of the age-based estimate (0.503), despite
both methods producing similar estimates of current fishing mortality (F = 0.158 yr' vs. F'=
0.133 yr ! respectively). This discrepancy reflects a fundamental limitation of length-based
assessment methods for species like Kala which exhibit a box-shaped von Bertalanffy growth
curve characterized by rapid early growth followed by an extended plateau near asymptotic
length. Under this growth pattern, fish across a wide range of ages occupy similar length classes,
making it difficult but impossible for the LBSPR model to distinguish age structure from length

data alone. As a result, the LBSPR model permits more than double the fishing pressure at
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SPR40 compared to the age-based per-recruit model under the same selectivity curve because it
cannot adequately resolve the depletion of older age classes that are effectively invisible in the
length-frequency distribution. However, the age-based estimate of //F° SPR40 = 0.503 suggests
the stock may be closer to the overfishing threshold than the length-based analysis alone would
indicate, underscoring the importance of incorporating age-based methods in assessments of

species with indeterminate growth patterns.

Length-based approaches, such as LBSPR, are sensitive to variability in individual growth rates,
which can introduce upward bias in F estimates when growth heterogeneity is present in the
population. Additionally, it is important to note that the F/M ratio reported by the LBSPR model
represents the apical fishing mortality — that is, the highest level of fishing mortality
experienced by any single size class, rather than the average mortality across all size classes
(Mardones & Hordyk, 2019). In the present study, the apical F/M of 1.52 reflects the fishing
pressure experienced by the largest size classes near full selectivity (SLos = 617.7 mm FL), while
smaller and younger individuals experience substantially lower fishing mortality. It is possible to
have a very high F/M ratio alongside a high SPR in a sustainable fishery when selectivity
excludes all but the largest individuals from exploitation (Mardones & Hordyk, 2019). This is
consistent with the present findings, where despite an apical F/M of 1.52, SPR remained high at
0.662, reflecting that the majority of Kala around Maui, particularly younger/smaller individuals,
remains largely unfished. This interpretation further supports the conclusion that the stock is not
experiencing overfishing, while also highlighting that the largest, oldest individuals in the
population bear a disproportionate share of fishing pressure, a pattern with potential implications
for the age and size structure of the spawning stock over time. In contrast, age-based approaches
rely on accurate age determination but can provide more precise mortality estimates when
properly structured (Catalano & Allen, 2010; Walker et al., 2019; Punt et al., 2026). The double-
binned age-structured model employed here, spanning age classes 4-52, was designed to reduce
binning artifacts and improve resolution across the full age distribution, which may account for
the comparatively conservative fishing mortality estimate produced by this method. Despite this
divergence, the broad agreement between the two independent approaches lends confidence to
the overall conclusion that the stock is not experiencing overfishing relative to the SPR40

threshold.
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Reproductive dynamics reinforce the need for age-based data. Although size-based proxies
provide useful estimates, they cannot fully capture the contribution of older cohorts during peak
reproductive periods (Hixon et al., 2014; Andersen, 2020; Kell & Sharma, 2025). Age data
indicate that mature individuals are present across the sampled age range, and older fish are
likely to participate heavily in spawning aggregations (Chapter 1). Without age-based
information, length-based methods may misinterpret population resilience and overestimate
stock productivity, particularly if fishing removes larger but relatively young fish that have not
yet accumulated reproductive output. The integration of age-based and length-based approaches
therefore provides complementary insights. Though length-based methods are valuable for
rapidly assessing fishing pressure and monitoring population trends, particularly in data-limited
contexts, age-based methods can reveal the underlying demographic structure, cohort-specific
mortality, and reproductive contributions, which are critical for accurate stock assessment and
management decision-making (Campana & Jones, 1992; Campana, 1999; Whitten et al., 2013;
Andersen, 2020). Using both approaches together allows managers to detect potential biases and

refine estimates of sustainable harvest levels.

Beyond their direct fishery value, Kala plays a critical functional role in Hawaiian reef
ecosystems as a browser of macroalgae, contributing to the maintenance of coral-dominated reef
states by controlling algal overgrowth that can outcompete corals for space (Hoey & Bellwood,
2009; Bierwagen et al., 2016; Ford et al., 2016; Taylor, 2019). From a management perspective,
these findings highlight the limitations of size-based regulations alone. Kala reaches legal size
early in life, meaning individuals may be harvested soon after reaching maturity, potentially
before contributing significantly to reproduction. Age-based evidence suggests that protecting
older cohorts is critical for maintaining spawning potential and population resilience. Strategies
such as seasonal closures aligned with spawning periods, catch limits, or spatial protections
targeting aggregation sites may be more effective at preserving age structure and sustaining the
fishery. Beyond their direct fishery value, Kala play a critical functional role in Hawaiian reef
ecosystems as a browser of macroalgae, contributing to the maintenance of coral-dominated reef
states by controlling algal overgrowth that can outcompete corals for space (Hoey & Bellwood,
2009; Bierwagen et al., 2016; Ford et al., 2016; Taylor, 2019). The removal of large, older
individuals, which are also the most functionally active grazers due to their body size and gut

capacity, therefore carries consequences that extend beyond the fishery itself, potentially
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undermining reef resilience at a time when Hawaiian reefs face mounting pressures from climate
change and bleaching events. Management strategies that maintain SPR above 40% while
accounting for the ecological role of the species in maintaining reef resilience are therefore
advisable as they would simultaneously protect spawning potential and preserve the functional
grazing capacity of the population. Additionally, the relatively narrow window between the size
at full selectivity and the asymptotic length suggests that any intensification of fishing pressure
could rapidly shift the stock toward less favorable conditions, particularly if larger, older
individuals that contribute disproportionately to egg production in many teleosts are
preferentially removed. Regular stock assessments integrating both length- and age-based
approaches, as demonstrated here, would provide the most robust basis for adaptive management

of this species.

The removal of large, older individuals, which are also the most functionally active grazers due
to their body size and gut capacity, therefore carries consequences that extend beyond the fishery
itself, potentially undermining reef resilience at a time when Hawaiian reefs face mounting
pressures from climate change and bleaching events. Management strategies that maintain SPR
above 40% while accounting for the ecological role of the species in maintaining reef resilience
are therefore advisable as they would simultaneously protect spawning potential and preserve the
functional grazing capacity of the population. Additionally, the relatively narrow window
between the size at full selectivity and the asymptotic length suggests that any intensification of
fishing pressure could rapidly shift the stock toward less favorable conditions, particularly if
larger, older individuals that contribute disproportionately to egg production in many teleosts are
preferentially removed. Regular stock assessments integrating both length- and age-based
approaches, as demonstrated here, would provide the most robust basis for adaptive management

of this species.
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Table 2.1 Life-history parameter estimates for Kala (Bluespine Unicornfish, Naso unicornis),
sampled from around Maui, Hawai‘i during 2024-2025 that were used in the stock assessment.

Life-history Definition Estimate Standard

Parameters Error

Lo Theoretical mean maximum length approached 5329 mm  1.82
by individuals in the population (pooled, FL
Chapter 1, Table 1.1)

k Growth rate (Chapter 1, Table 1.1) 0.22 yr! 0.01

fo Theoretical age at zero length (Chapter 1, Table  -0.289 yr 0.40
1.1)

M Natural mortality rate 0.104 -

VA Total mortality rate 0.237 -

Fage-based Fishing mortality rate (Z — M) based on aged 0.133 -
fishes

Flength-based Fishing mortality rate based on LBSPR lengths ~ 0.158 -

LsoDeMartini et al. (2014)  Length at which 50% of fishes have reached 355 mm -
maturity (DeMartini et al. 2014) FL

LosDeMartini et al. 2014y Length at which 95% of fishes have reached 450 mm -
maturity (DeMartini et al. 2014) FL

SLso Selectivity length at which 50% of fishes have 501.82 mm -
reached maturity from the LBSPR fit FL

SLos Selectivity length at which 95% of fishes have 617.65 mm -
reached maturity from the LBSPR fit FL
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Table 2.2 Length-based LBSPR Parameters with Bootstrap 95% Confidence Intervals.

Life-history Definition Estimate 95% CI
Parameters

SPR 0.662 0.620-0.730
F/M (apical) 1.410 0.830-2.000

F current (yr') 0.147 0.086-0.208
SLso (mm FL) 498.61 478.84-507.27
SLos (mm FL) 612.45 590.98-624.40
F_SPR40 (yr™) 0.606 Fixed simulation
F/F SPR40 0.261 Fixed simulation

Note: Bootstrap Cls derived from n» = 1,000 resampling iterations of raw length-frequency data

(seed = 123).
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Table 2.3 Age-based Per-Recruit Parameters with Bootstrap 95% Confidence Intervals and
Sensitivity Range.

Life-history Estimate Bootstrap 95% CI Sensitivity Range (M = 0.09-
Parameters 0.12, 2=0.21-0.27)

SPR 0.551 0.546-0.557 0.444-0.676

F current (yr) 0.133 fixed 0.090-0.180

F SPR40 (yr) 0.266 0.258-0.274 0.220-0.320

F/F_SPR40 0.503 0.487-0.518 0.282-0.817

Note: Bootstrap Cls derived from n = 1,000 resampling iterations of length-weight data (seed =
123). F_current has no bootstrap CI because it is derived from fixed mortality estimates (M =
0.104 yr', Z=0.237 yr ') rather than fitted data. Sensitivity range reflects structural uncertainty
in mortality parameters.

50



In(Frequency)

Chapman-Robson Catch Curve for Kala
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Figure 2.1 Chapman—Robson catch curve for Kala (Bluespined Unicornfish, Naso unicornis) sampled from Maui, Hawai‘i in 2024-
2025. The natural logarithm of age frequency (In[frequency]) is plotted against age (years). Points represent observed age classes used
in the regression, and the red line shows the fitted Chapman—Robson regression over the selected fully recruited age range (ages 4—
38). The instantaneous total mortality rate was estimated as Z = 0.237 yr' (95% CI: 0.234-0.240). The shaded region indicates the
ages included in the regression, and the dashed vertical line denotes the maximum observed age (38 years).
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