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Abstract The bumphead parrotfish (Bolbometopon muri-

catum) is an iconic coral reef species of commercial,

subsistence, and cultural value that has faced severe

declines across the Indo-Pacific. In this study, we sum-

marized the age-based biological characteristics of B.

muricatum based on comprehensive surveys of a small-

scale but high-yield fishery in Solomon Islands. We

examined the full breadth of the life history, including

pelagic larval duration, growth patterns throughout the

ontogeny (post-settlement, juvenile, and adult), life span,

mortality, age at maturity, and reproductive timing, as well

as the size-dependent relative contribution of females to

overall reproductive effort. The age-based demographic

information supports a sexual pattern of functional gono-

chorism, whereby sex ratios were consistent throughout the

lifespan. After a 25-day pelagic larval duration, the species

growth pattern is comparatively slow and differs by sex,

where males generally reach larger sizes at a given age

than females. This growth pattern is associated with a long

life span (at least 30 yrs) and low mortality rates

(\ 0.2 yr-1). Annual and lunar tracking of ovary weights

confirmed cyclical spawning activity synchronized just

prior to new moon throughout the year. Surprisingly, ovary

weights declined in the largest and oldest females, imply-

ing lower reproductive output. Instead, lower ovary

weights may reflect alternative mating strategies among the

largest females whereby spawning frequency and strategy

differs among females of different body sizes. These results

highlight several novel and previously unknown aspects of

this species’ biology, and our analyses generate informa-

tion that can strengthen population models, facilitate stock

assessments, support regional management, and provide a

baseline for comparative work.

Keywords Reproductive timing � Parrotfish � Life history �
Age at maturity � Senescence � Alternative mating

strategies

Introduction

The population dynamics and vulnerability of commer-

cially important species are dependent on their funda-

mental life-history traits and strategies (Abesamis et al.

2014). Fisheries associated with coral reefs face multiple

threats, including accelerated rates of habitat degradation

from sediment and nutrient run-off (Dubinsky and Stam-

bler 1996; Fabricius 2005; Wenger et al. 2015), coral

bleaching (Hughes et al. 2018), increasing harvesting

pressure (Jackson et al. 2001; Newton et al. 2007), and a

rise in the use of unsustainable fishing methods (Rhodes

et al. 2018). Reef-associated fisheries in areas of the

highest biodiversity, such as the Coral Triangle, often
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target over 300 species of fish and invertebrate for com-

mercial and subsistence purposes. Despite the staggering

diversity, when fishers target predictable aggregations of

fish much of the harvested biomass may be comprised of

only a handful of species (e.g., Hamilton et al. 2012).

Fisheries management suffers in the absence of high-

quality life-history information, as species-level data pro-

vide a powerful path for interpreting patterns of change and

predicting the value of management measures for highly

valued species. Insights based on life-history information

provide an essential complement leading to effective

management, even in diverse multi-species fisheries. Par-

rotfishes (Family Labridae) are among the most targeted

groups on coral reefs, and differences in life-history traits

among species have been found to predict vulnerability to

overexploitation (Taylor et al. 2014, 2018). Typical traits

of interest include life span, growth, and size and age at

maturity, all of which relate directly to population pro-

ductivity and recovery potential.

However, further life-history strategies such as repro-

ductive behavior and the relative contribution of females

across different life stages also influence vulnerability and

the effectiveness of fishery management measures. There

has been considerable interest in the relative reproductive

importance of large, old females, especially in species of

long-lived, harvested fishes (Berkeley et al. 2004a; Birke-

land and Dayton 2005; Hixon et al. 2014; Barneche et al.

2018). General principles of hyperallometric scaling

between body size and fecundity (reviewed in Hixon et al.

2014; Barneche et al. 2018), as well as examples of

increased larval quality from older females (Berkeley et al.

2004b; but see Marshall et al. 2010) have established the

benefit to fisheries management of preserving age struc-

tures by avoiding widespread age truncation through the

common practice of selectively harvesting larger individ-

uals in a population. However, our understanding of this

concept in tropical reef-associated fisheries is presently

poorly developed.

The bumphead parrotfish Bolbometopon muricatum is

among the most recognizable species from Indo-Pacific

coral reef fish assemblages. The species is the largest of the

parrotfishes by a considerable margin (exceeding 1 m in

length and 50 kg in mass; Hamilton and Choat 2012), is

phylogenetically distinct among the parrotfishes (Choat

et al. 2012), can live to approximately 40 or more years

(Andrews et al. 2015), and is known to form schools of

several individuals to up to 60? individuals (Donaldson

and Dulvy 2004; B. Taylor, pers. obs.). Where abundant, B.

muricatum plays an important role in reef structural

dynamics, with an adult capable of removing an estimated

5.7 t of carbonate material from the reef matrix per year

through processes of feeding (Bellwood et al. 2003).

Because of these characteristics, the species has been found

to disproportionately influence functional and phylogenetic

diversity of fish assemblages across broad spatial scales

(Bellwood et al. 2012; D’Agata et al. 2014; Taylor et al.

2015).

Many reef fishes have specific habitat affinities

throughout their ontogeny, and B. muricatum is no

exception. Newly settled juveniles recruit to habitats with

branching Acropora spp. in clear sheltered lagoons

(Hamilton et al. 2017) and later migrate to fringing or

barrier reefs as adults. Presence and amount of recruitment

habitat is a limiting factor for adult abundance, and

degradation of nursery habitats through logging and sedi-

ment erosion has been found to limit local populations

(Hamilton et al. 2017). Further, because of the nature of

small-scale night spear fisheries that target B. muricatum,

coupled with the behavioral tendency of B. muricatum

social groups to sleep together in shallow water, hyper-

stability (when catch remains high despite declining fish

abundance) is a problematic issue complicating the man-

agement of this species, and further compounds their vul-

nerability to overexploitation (Hamilton et al. 2016).

Bumphead parrotfish have long been considered to be

vulnerable to overexploitation based on their behavioral

characteristics as well as life-history traits that yield slow

population turnover times, and thus low recovery potential

(Donaldson and Dulvy 2004). Age-based life-history

information from all life stages of targeted species is nec-

essary input for stock assessment or spatial metapopulation

models that is often lacking for tropical marine ecosystems.

Here, we holistically examine B. muricatum by combining

life history across all life stages with reproductive ecology.

We surveyed fishery catches and sampled specimens of B.

muricatum from a night spearfishery in Solomon Islands for

[ 1.5 yrs to provide detailed estimates of spawning cycles,

relative reproductive output, and age-based life-history

traits of importance to fishery management. Specifically,

we characterized pelagic larval duration, juvenile and adult

growth, life span, mortality, age at maturity, and annual

and lunar spawning cycles. We also compared ovary

weight, female gonadosomatic index values, and body size

against the hypothesis that the largest females would pro-

vide the greatest relative reproductive contribution, based

on relationships between length, weight, and ovary size.

The results provide an important quantitative baseline that

facilitates future assessments of population dynamics and

ecological function in response to fishery exploitation and

environmental change.
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Materials and methods

Study area and environment

This study was conducted in the Kia District at the western

end of Isabel Province, Solomon Islands, extending from

7�190 to 7�390S over a linear distance of 82 km. This region

contains a diversity of complex coral reef habitats,

including exposed barrier reef slopes, fringing and patch

reefs, subtidal reef flats and back reefs, and an abundance

of coastal mangrove forests. Although historically targeted,

B. muricatum stocks in this region remained lightly

exploited until 2001 through the commercialization of

night spearfishing when the European Union-funded

Bahana Provincial Fisheries Centre (BPFC) began pur-

chasing reef fish species for domestic export to the capital,

Honiara. In 2012, a new, private fisheries centre and stor-

age facility in the community of Babahairo also began

purchasing harvested B. muricatum for commercial fishery

purposes.

Survey and sample collection techniques

Between February 2012 and October 2013, all commer-

cially harvested specimens of B. muricatum that passed

through the BPFC and the Babahairo private fisheries

centre were surveyed by fisheries staff trained in stan-

dardized sampling protocols. For all specimens surveyed,

we measured total length (TL, mm) using a measuring

board and total weight (TW, g) using a digital balance or

hanging scales, as appropriate, based on the size of the fish.

We extracted sagittal otoliths from the brain cavity and

stored them dry for subsequent processing. We removed

gonad lobes from individuals and weighed them to the

nearest 0.5 g using a digital balance. Identification of sex

was based on macroscopic examination of gonads, which is

highly accurate for B. muricatum (Hamilton et al. 2008).

Date, geographic zone, reef name, lead fisher name, and

lunar stage associated with each specimen were also

recorded. Lunar stages were considered new moon, first

quarter, full moon, and last quarter, with up to 6 or 7 d

separating each of these phases depending on the lunar

calendar. Fisheries center catch records were periodically

double-checked and transcribed by researchers on eight

separate occasions during the sampling period.

Additional fishery-independent sampling was carried out

to obtain juvenile specimens (\ 200 mm TL) to determine

pelagic larval duration, post-settlement growth trajectories,

and age at ontogenetic habitat shifts through examination

of daily growth increments. These samples were collected

in shallow (0.5–2 m) branching coral-algae assemblages on

sheltered lagoonal reefs that fringe mangrove forested

shorelines. The smallest (recently settled; 12–35 mm TL)

specimens are found in Acropora aspera and A. micro-

pthalma colonies, whereas larger individuals up to 200 mm

TL occupied nearby structurally complex reefs intermixed

with seagrass (Hamilton et al. 2017). We used data from all

specimens for which TL and TW data were obtained to

model the length–weight relationship. Raw data were fitted

with a standard power curve whereby Total Weight (in

g) = a(Total Length [in mm])b.

Derivation of age, growth profiles, and mortality

We derived age information from individual bumphead

parrotfish specimens based on both annual and daily

increments in transverse sections of sagittal otoliths. From

a random subsample of commercially harvested specimens,

one sagittal otolith was weighed to the nearest 0.0001 g

and mounted on the edge of a glass slide using a thermo-

plastic glue (Crystalbond 509�) with the primordium sit-

uated just inside the slide edge and the sulcul groove

approximately perpendicular to the slide edge. The otolith

material was sanded away using a 600-grit diamond lap on

a GEMMASTA lapping machine with constant water flow.

The slide was then heated (200 �C) and remounted with the

newly sectioned surface affixed flat against the surface of

the glass slide, and the remaining bulk of material was

ground away until a thin transverse cross section

(* 250 lm) remained. Finally, the section was covered

with thermoplastic glue to improve clarity and annual

bands were enumerated using a stereo microscope with

transmitted light. To expose daily ring structures in small

fish (\ 200 mm TL), sectioning protocols were the same as

above, except that lapping film of 30 lm grit was used to

sand away otolith material, and optimal clarity of the final

section was achieved by successively polishing the trans-

verse section with 9, 3, and 0.3 lm lapping film. Both

annuli and daily rings were counted on three separate

occasions using a stereo microscope for annual increments

and a compound microscope for daily growth increments.

Final age (in years) of fish with one or more annuli was

derived when two or more ages matched (e.g., 12, 12,

13 = 12), or when the three counts differed by no more

than two annuli (e.g., 14, 12, 13 = 13). The accuracy of

growth zone derived ages using this technique has been

validated for this species using bomb radiocarbon dating

(Andrews et al. 2015). For fish with no annulus, pelagic

larval duration was derived by counting increments up to

the settlement mark. Post-settlement ages for these fish

were derived as the mean of three counts of daily growth

increments (from the settlement ring to the edge), provided

that all counts differed by\ 10% from the median.
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Sex-specific and overall patterns of growth were

examined using length-at-age data fitted with the von

Bertalanffy growth function (VBGF), represented by:

Lt ¼ L1 1� e�k t�t0ð Þ
h i

where Lt is the predicted mean TL (mm) at age t (years),

L1 is the asymptotic TL, k is the coefficient used to

describe the curvature of fish growth toward L1, and t0 is

the hypothetical age at which TL is equal to zero, as

described by k. Immature fish considered sexually undif-

ferentiated were used for both the female and male growth

curves, in order to anchor the curve to an approximate size

at settlement and to characterize the first years of growth

before sexual maturation. Male and female growth patterns

were compared by plotting 95% bivariate confidence

ellipses surrounding paired estimates of L1 and k follow-

ing Kimura (1980).

Age composition and the instantaneous rate of total

mortality were explored through the age frequency distri-

bution based on a random subsample of commercially

harvested bumphead parrotfish. We used a multinomial

likelihood-based catch curve using logistic selectivity by

minimizing the multinomial negative log-likelihood k
associated with Ot and the expected proportion Ptð Þ of fish
at or above the age at peak observed frequency.

k ¼ �
XA
t¼1

Otln Ptð Þ

Pt ¼
CtPA
t¼1 Ct

where A refers to the maximum age assumed in the anal-

ysis, arbitrarily set much larger than the observed maxi-

mum age, thereby avoiding calculation of a ‘‘plus group,’’

and Ot is the observed frequency of harvested individuals.

Ct is the expected catch at age t, calculated using the

Baranov catch equation:

Ct ¼
Ft

Zt
Nt 1� e�Zt
� �

Zt ¼ Ft þM

Ft ¼ FVt

Vt ¼
1

1þ e
�ln 19ð Þ t�A50ð Þ

A95�A50ð Þ

where Ft is the fishing mortality at age t, F is the ‘‘full’’

instantaneous fishing mortality, and Vt is the estimated gear

selectivity at age t following a logistic function with

selectivity parameters A50 and A95, the ages at 50 and 95%

selectivity, respectively.

Analysis of reproductive patterns and relative

contribution

Designations of sex and stage from macroscopic exami-

nation of gonads followed Hamilton et al. (2008). Bump-

head parrotfish develop as inactive bisexuals, whereby

early spermatogenic tissue co-occurs with previtellogenic

oocytes. These structures occur within gonads\ 5 g, and

length at maturation generally occurs between 450 and

700 mm TL. Mature female and male gonads are easily

identifiable macroscopically. A gonadosomatic index (GSI)

was calculated as the ratio of gonad-to-gonad-free body

weight for each female and male specimen.

GSI ¼ Gonad weight

Total weight� Gonad weight
� 100

We then examined temporal trends in GSI across cal-

endar months and lunar days by plotting mean GSI values

across these timeframes. To ensure only mature individuals

were considered in these analyses, we used individuals

larger than 700 mm TL (the size at which 100% of both

males and females are reproductively mature). We further

plotted raw ovary weight by TL for each of four quarters of

the lunar phase (new moon—NM ?6/7 d; first quarter—

FQ ? 6/7 d; full moon—FM ? 6/7 d; and last quarter—

LQ ? 6/7 d).

Finally, we examined the relative reproductive contri-

bution of females across size classes. To do this, we plotted

TL by natural-log transformed ovary weight and fitted the

relationship with a loess smoothing curve with a span of �.

Because ovary weight scales with body weight, and body

weight is a cubic function of body length, we hypothesize

that ovary weight will increase drastically upon sexual

maturation (* 500–700 mm TL) and then continue to

increase, albeit at a lesser rate, with increasing TL. We then

similarly plotted both TL and TW by natural-log trans-

formed GSI (GSI 9 100 to avoid log-transforming values

\ 1) and fitted a loess smoothing curve to discern patterns

across length and weight.

Results

Fishery surveys

We surveyed a total of 2719 commercially harvested B.

muricatum through the fishery markets during the study

period. Harvested individuals ranged from 195 to 1190 mm

TL. The frequency distribution of lengths was unimodal,

with the largest peak at 865 mm (Fig. 1a). The length

distributions of mature, differentiated females and males

overlapped considerably, but the modal size range for

males was nearly 200 mm larger than that of females

1200 Coral Reefs (2018) 37:1197–1208
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(Fig. 1b). The mean TL of mature females was 804 mm

(± 4 mm S.E.), the mean TL of mature males was 918 mm

(± 5 mm S.E.), and the mean TL of harvested bumphead

parrotfish was 835 mm (± 4 mm S.E.).

Age, growth, and mortality

We sectioned and interpreted totals of 216 otoliths for

annual increments and 41 otoliths for daily growth incre-

ments. Interpretation of both annual and daily growth

increments were straightforward using standard techniques.

Annuli followed a consistent banding pattern and were

interpreted along the ventral margin near the sulcul groove

(Fig. 2a). Larger otoliths had a fragile outer otolith struc-

ture because of a branching crenulation pattern described in

Andrews et al. (2015). This pattern is apparent on the right,

ventral side in Fig. 2a where the branched material was lost

during the sectioning process. Estimates of pelagic larval

duration were derived by counting daily growth increments

from the core to the settlement mark in 33 individuals (out

of 41 processed for reading daily growth increments).

Pelagic larval duration estimates ranged from 21 to 29 d

with a mean of 24.8 d (± 0.3 SE). The transition from pre-

settlement to post-settlement otolith growth was evident

through a substantial increase in the size of increment

widths (Figs. 2b, 3), which we presume occurs immedi-

ately after transitioning from the pelagic environment to

the reef. Post-settlement ages of fish without an annulus

ranged from 13 to 310 d old.

Harvested bumphead parrotfish ranged from 1 to 29 yrs

of age, with a modal age in the fishery of 8 yrs (Fig. 1c).

The multinomial logistic catch curve estimated the

instantaneous rate of total mortality to be 0.169 yr-1 (95%

CI 0.132–0.207; Fig. 1c, Table 1). Overall, bumphead

parrotfish reached an asymptotic length (L1) of 1070 mm

TL, with a growth coefficient (k) of 0.150 yr-1 (Fig. 4a).

Growth parameters differed significantly between females

and males, with males reaching considerably larger

asymptotic lengths on average. In the first year of life,

growth is approximately linear with a rate of nearly

0.5 mm d-1 until * 250 d post-settlement, when growth

rate appears to shift slightly (Fig. 4b, Table 1). Estimates

of sex-specific and combined growth parameters with

associated confidence intervals are presented in Table 1.

By combining the overall growth curve with the logistic

maturation curve from Hamilton et al. (2008), we deter-

mined that median age at maturity is approximately

5–7 yrs for both females and males.

Spawning periodicity and relative female output

We found no annual patterns of change in female or male

GSI across calendar months, suggesting that reproductive

activity is consistent throughout the year (Fig. 5). How-

ever, clear patterns emerge for female GSI across the lunar

calendar, whereby GSI slowly increases from full moon to

last quarter moon, and then peaks in the days prior to new

moon (Fig. 6). This pattern was not evident for males,

which showed little change in GSI across lunar days. One

large outlier occurred for males (full moon ?3 d), which

we interpreted as an artifact of sampling given that all of

the high-GSI samples that positively influenced the mean

were collected on the same fishing trip.

The length–weight relationships for females, males, and

all sexes and stages combined are displayed in Fig. 7a and

summarized in Table 1. On average, males increased in
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Fig. 1 a Length–frequency distribution of 2719 harvested Bolbome-

topon muricatum surveyed from the Isabel Province, Solomon

Islands, commercial fishery between February 2012 and October

2013. Solid line represents the distribution of 195 aged specimens

taken from the fishery. b Length–frequency distributions of mature

female (n = 1310) and mature male (n = 1113) individuals from

a. c distribution of ages based on annuli counts from sagittal otoliths

of a random subsample (n = 195) of surveyed specimens. The solid

line represents the multinomial catch curve fitted to catch-at-age data
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weight at a slightly greater rate than females, but sex-

specific differences were largely negligible. As we pre-

dicted, ovary weight increased dramatically with body

length through the sizes of maturation onset, and then

increased gradually from approximately 750 to 1000 mm

TL (Fig. 7b). Beyond 1000 mm TL, the pattern began to

Fig. 2 Photomicrographs of transverse sections of sagittal otoliths

from a an adult female (850 mm TL) bumphead parrotfish showing

annual growth increments (denoted by white rectangles) and b a

juvenile (16 mm TL) bumphead parrotfish showing daily growth

increments. In b, white rectangles represent daily growth increments

prior to settlement from the pelagic to the back-reef environment,

whereas black rectangles denote post-settlement growth increments
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7Fig. 3 Mean increment width

profiles across pre- and post-

settlement life stages of

Bolbometopon muricatum. Inset

photograph is of a recently

settled B. muricatum from

Palau. Photo credit: T. Sinclair-

Taylor

Table 1 Summary of life-

history trait estimates for

Bolbometopon muricatum from

Isabel Province, Solomon

Islands

Trait Females Males Combined

L? (mm TL) 1047 (1010–1087) 1145 (1084–1213) 1070 (1035–1109)

k (yr-1) 0.150 (0.137–0.164) 0.135 (0.120–0.152) 0.150 (0.137–0.164)

t0 (yr) - 0.102 - 0.085 - 0.074

n (growth) 177* 138* 243

Pelagic larval duration (d) – – 24.8 (24.2–25.4)

Maximum age (yrs) 26 29 29

Maximum TL (mm) 1160 1190 1190

Mortality (yr-1) – – 0.169 (0.132–0.207)

Growth rate (mm d-1) [first 250 d] – – 0.48 (0.46–0.51)

Length weight: a 3.469 9 10-6* 1.639 9 10-6* 1.168 9 10-6

Length weight: b 3.246* 3.362* 3.409

Associated 95% confidence intervals are presented in parentheses where appropriate

*Includes sexually immature and undifferentiated fish in growth or length–weight model
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decrease because of a considerable number of large

females with ovary weights smaller than all other mature

females of any length. This pattern of decrease in large

females was also evident for GSI data (i.e., relative

reproductive output scaled by body weight) across body

length (Fig. 7c) and body weight classes (Fig. 7d),

whereby relative potential reproductive output decreased in

females above * 1000 mm TL and * 20,000 g TW.

Discussion

The bumphead parrotfish is the largest parrotfish in the

world and has proven easy to capture in large quantities at

night due to its behavior of sleeping in groups in relatively

shallow water. These reasons, coupled with perceived or

documented declines in regional B. muricatum populations

(Aswani and Hamilton 2004; Dulvy and Polunin 2004;

Bellwood et al. 2012), have led to widespread concern for

this species’ vulnerability to overexploitation. Of note, the

IUCN lists the species as Vulnerable, whereas the US

government determined the species not warranted for list-

ing under the Endangered Species Act (Kobayashi et al.

2011). Our results greatly improve our understanding of B.

muricatum biology by confirming long life span, low

mortality, late maturation, spawning periodicity highly

synchronized with the lunar cycle, and a pelagic larval

duration of approximately 25 d for B. muricatum based on

comprehensive collections from a small-scale but high-

yield fishery in Solomon Islands. Our results also (1)

support a sexual pattern of functional gonochorism fol-

lowing Hamilton et al. (2008) based on sex-specific body

size and age distributions, and (2) provide evidence for

either reproductive senescence or a more complex repro-

ductive ecology of the largest and oldest B. muricatum

females. The information provided facilitates assessments

of stock status, provides a benchmark for B. muricatum

populations at low latitudes, and generates discussion on

the importance of large females in the context of repro-

ductive contribution and life-history strategies.

Age information presented here confirms the species has

slow growth to its maximum size as well as a long life span

and low instantaneous mortality rate relative to other par-

rotfish species. Unlike most parrotfish species examined to

date, sex-specific differences in growth were not pro-

nounced, although males do tend to reach slightly larger

body sizes in the oldest age classes. The appearance of both

mature males and mature females in the ontogeny suggests

an age of maturation between 5 and 7 yrs, and corresponds

with a shift in habitat preference from sheltered lagoonal

reefs to offshore reef slopes (Hamilton et al. 2017, 2008).

The age-based data further support the designation of B.

muricatum as a functional gonochore (i.e., no post-matu-

rational sex change), following Hamilton et al. (2008),

because sex ratios upon maturation remain highly

stable around 60–70% females throughout the life span.

The slight and consistent female bias likely reflects a ratio

socially controlled through pre-maturational sex

determination.

Bumphead parrotfish are known to spawn in aggrega-

tions, with detailed descriptions of spawning behavior at

the Great Barrier Reef (Gladstone 1986), Wake Island

(Muñoz et al. 2014), and Palau (Roff et al. 2017). At these

locations, approximately * 100–1000 s of individuals

were observed displaying lek-like defense of territories by

males, and pairs or small clusters of individuals performed

casual to rapid spawning rushes toward the surface. All

three descriptions pinpoint aggregative spawning behavior

to occur up to or at 3 d prior to new moon. Our profiles of

female gonadosomatic index across the lunar calendar

unequivocally corroborate the same pattern in the present

study, with a clear lunar GSI pattern and peak GSI

occurring 3 d prior to new moon. The ubiquity of this

Age (years)
0 5 10 15 20 25 30

0

200

400

600

800

1000

1200

1400

Age (days)
0 100 200 300

To
ta

l l
en

gt
h 

(m
m

)

0

50

100

150

200

250

0.10 0.13 0.16 0.19
1000

1100

1200

a

b

K

L ∞

Females
Males

Juveniles
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pattern throughout the calendar year suggests that spawn-

ing occurs throughout the year, synchronized with lunar

cycles. Further, we identified ripe females with large GSI

values from across the geographic breadth of the study

area, implying that multiple smaller aggregations

(10–100 s) of individuals occur rather than one or two

large (1000 s of individuals) aggregations, as appears to be

the case in Palau (Roff et al. 2017).

Despite being well known for its massive size as an

adult, recent research has revealed the early life history of

B. muricatum to be a critical and dynamic stage with

respect to population dynamics, management, and conser-

vation. Our examination of daily growth increments in a

wide range of newly recruited and juvenile B. muricatum

informs the temporal component of ontogenetic processes

in the species. We determined that pelagic larval duration

was, on average, 25 d from hatching to settlement on the

reef. This larval duration is on the low-end compared with

other parrotfishes (Ishihara and Tachihara 2011), and based

on the periodicity of spawning activity, suggests that sub-

sequent recruitment events would occur slightly before

spawning commences each lunar cycle. The observation of

various length classes present during juvenile surveys

across multiple months and years, rather than obvious

cohorts based on starkly modal size classes, corroborates

the monthly periodicity of spawning activity throughout

the calendar year. Post-settlement growth rates inform of

the timeframe for ontogenetic habitat shifts documented in

Hamilton et al. (2017). Newly recruited B. muricatum settle

in colonies of branching Acropora spp. occupied by dam-

selfish and remain highly site attached until * 50 mm TL

(* 100 d). They are then chased out of territories by

damselfishes and expand their ranges across lagoonal

fringing reefs intermixed with seagrass, reaching 100 and

200 mm TL at approximately 200 and 300 d, respectively.

Individuals [ 200 mm TL become more mobile across

habitats and will retain home ranges across the lagoonal

reef complex for up to 5 yrs before expanding their habitat

usage to the channels and fore reef slope. This age-based

information on early life histories can inform spatially

complex population models, given the emergent under-

standing of ontogenetic processes in this species.

Given the inherent rarity of large, old females in natural

systems and the additional fact that we generally cannot

accurately assess age of individuals until after their death,

it has been logistically difficult to examine the relative

value and influence of these individuals within populations.

Although B. muricatum reaches a very large size compared

with the vast majority of coral reef-associated fishes, we

actually found strong evidence of the largest and oldest
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females having reduced reproductive output relative to

body size, whereby most females larger than approximately

1 m and 20 kg had gonadosomatic index values lower than

all other mature females. There are two possible explana-

tions for this pattern. The first is that the largest females are

undergoing senescence and are therefore contributing less

than expected to the population-level reproductive output.

However, this scenario does not make sense evolutionarily

as senescence should occur at ages well after natural

mortality has reduced the age-specific population to zero.

Indeed, histological examination suggests ovaries from the

largest and oldest females with low gonad weights do not

appear non-functional or pathological (JH Choat, unpub-

lished data). An alternative explanation is that the largest

females have behavioral traits that allow them to secure

fertilization by the fittest males.

There is anecdotal evidence for a behavioral trade-off

scenario. In Palau, smaller fish (600–850 mm TL) have

been observed spawning in mass aggregations of 1000 s of

fish at a predictable lunar schedule for several days before

the new moon, year round, whereas larger fish

([ 1000 mm TL) have been observed pair spawning at

other times and locations in smaller groups (S. Lindfield,

pers. comm.). Although there are only limited observations

of spawning modes in Solomon Islands, GSI values and

lunar periodicity in gonad weights of fish[ 1000 mm TL

may imply a more frequent schedule of spawning. More

frequent spawning might explain lower ovary weights in

the largest females, as ovary weight is a flawed predictor of

reproductive output if alternative reproductive strategies

are used. If the largest females can secure priority of egg

fertilization with the fittest males through alternative mat-

ing strategies, then energetic trade-offs related to egg
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production and behavior may be worthwhile. The specific

advantages of size-related alternative mating systems

within B. muricatum can only be speculated on at present.

Based on the biological data presented here, we merely

suggest that the reproductive ecology of B. muricatum is

more complex than we yet fully realize.

Hyperstability of fishery catches and coastal erosion

have both been identified as acute issues in the Kia District

fishery for B. muricatum (Hamilton et al. 2016, 2017). This

study also highlights that a considerable portion of the

fishery catch (over 20% by number harvested) is comprised

of potentially juvenile fish. The importance of protecting

juvenile life stages of B. muricatum is being taken into

consideration by Solomon Islands Ministry of Fisheries and

Marine Resources, who are considering recommendations

to place a national ban on the harvest and sale of B.

muricatum\ 650 mm. Such a management measure would

likely not ensure sustainability of this species, but given the

life-history characteristics and selective capacity of the

fishery, it would complement other management measures

by directly increasing the proportion of fish reaching

reproductive maturity.

The bumphead parrotfish is a species of considerable

ecological and economic importance to the Isabel Province

and elsewhere where it remains abundant. This and other

recent studies from the region (Hamilton et al. 2016, 2017)

have highlighted and facilitated a better understanding of

the challenges this species faces in maintaining ecological

and economic viability from habitat destruction and

increased fishing pressure. Pace of life for B. muricatum is

comparatively slow, yet the metabolic demands are

undoubtedly high in order to achieve and maintain such

large body size with year-round spawning in tropical

regions. The associated trade-offs appear to yield a com-

plex sexual ontogeny and reproductive strategy that differs

from other parrotfishes and most other reef-associated

species in general.
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