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Abstract: Bolbometopon muricatum (bumphead parrotfish, Valenciennes, 1839) is a conspicuous, iconic
and ecologically important coral reef fish species. B. muricatum plays an important role in the
bioerosion of the reef framework and as a result has been described as both an ecosystem engineer
and keystone species. Despite the complete absence of B. muricatum from 32 years of scientific surveys
across the Ningaloo Reef World Heritage Area, we recorded a total of 155 individuals of B. muricatum
across 63.2 ha of reef crest surveys, equating to mean density of 2.38 ind/ha. Our observations
represent the first record of this iconic species in scientific surveys at Ningaloo and in combination
with qualitative observations of B. muricatum by expert witnesses, indicate B. muricatum is likely
to have been present in ecologically relevant densities since 2006. The densities of B. muricatum
observed at northern Ningaloo in 2021 suggest this species is removing an estimated 13.42 tonnes/ha
or 1.34 kg/m2 of calcium carbonate per year, which is broadly comparable with estimates of total
parrotfish bioerosion across many reefs in the central Indian and Pacific Oceans. Although not
currently afforded elevated conservation status within management plans, B. muricatum possess many
life-history characteristics that make them vulnerable to overfishing and may justify consideration
for increased protection within the world heritage listed Ningaloo Reef Marine Park.
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1. Introduction

Species that create, maintain or modify habitats perform a fundamental role in shaping
the physical structure of an area and the species these areas support [1]. Such ‘ecosystem
engineers’ change the environment via their own physical structures, i.e., their living
and dead tissues, or by transforming living or non-living materials from one physical
state to another. In some cases, these species may alter the availability of energy, food,
water, or sunlight available to other species, having disproportionately large effects on
overall community structure and function [2]. Examples of marine ecosystem engineers
include corals, mussels, and crustose coralline algae which increase biomass and structural
complexity of habitats, seagrasses and kelps which alter water flows, entrain larvae and
provide refuge from predation, and urchins and fish that can cause extensive bioerosion
of benthic substrata. Ecosystem engineers are generally considered disproportionately
important relative to the rest of the community [3], often receiving elevated conservation
status [4–7]. However, the impact of ecosystem engineer species depends largely upon the
scale of their actions, which can be spatially and temporally variable. Understanding and
managing the impact of ecosystem engineer species therefore requires detailed knowledge
of their distribution, abundance and impact.
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Bolbometopon muricatum (bumphead parrotfish, Valenciennes, 1839) is a conspicuous,
iconic and ecologically important coral reef fish species. B. muricatum play an ecologically
important role in the bioerosion of the reef framework and have previously been described
as both ecosystem engineers [8] and keystone species [9]. Using their large beak-like
jaws to feed on reef substrata, large individuals (>100 cm total length; TL) can remove
an estimated 5.5 tonnes of reef carbonates annually, of which approximately 50% is live
coral [9]. On the Great Barrier Reef, it is estimated that bioerosion due to B. muricatum
accounts for ~85% of bioerosion by parrotfish [10], which is broadly equivalent to the
estimated maximum rate of coral reef accretion. Importantly, there are no functionally
equivalent species to B. muricatum as the three next largest species of parrotfish (i.e.,
Chlorurus microrhinos, C. strongylocephalus and C. gibbus) remove an estimated maximum
of 1.015 tonnes of carbonates per individual per year, of which only ~5% is live coral [11].
Importantly, in areas where the abundance of large B. muricatum has been removed through
fishing, the function of fish bioerosion is essentially lost as smaller species are unable to
compensate for the loss of the larger B. muricatum [12].

Globally, there have been large population declines in B. muricatum throughout much
of their range. B. muricatum live up to 40 years and attain sexual maturity between 7
and 11 years of age (40–70 cm TL) [13–15], approximately twice the length and age of the
next largest parrotfish Chlorurus microrhinos (70 cm TL and 17 years age; [13,14]). With a
habit of sleeping in large groups (>60 individuals) in shallow, sheltered reef locations at
night, B. muricatum are easily harvested by spearfishers [8,16,17], making them particularly
susceptible to overfishing [16,18,19]. In Pacific locations where spearfishing pressure is
high, B. muricatum populations may have already declined to levels where populations are
unsustainable and ecologically irrelevant [9,12]. These declines have invoked total fishing
bans in some Pacific nations (i.e., Palau) to try and re-establish populations and safeguard
reef resilience [20].

Ningaloo Reef on the western Australian coastline (22◦ S, 113◦ E) is a fringing reef
almost 300 km in length with exceptional cultural, ecological and tourism value. The
area was included on UNESCO’s World Heritage List in 2011 (Ningaloo Coast World
Heritage Area: NCWHA), in part due to recognition of the globally important annual
aggregations of whale sharks and the high abundances of manta rays and sharks (http:
//whc.unesco.org/en/decisions/4278; accessed on 20 July 2021). Interactions with these
iconic species are tightly regulated [21,22] and associated ecotourism activities generate
over USD 20 million annually for the region [23]. However, these iconic species are not
considered to be ecosystem engineers or keystone species, nor do they provide services
which increase ecological resilience per se (i.e., capacity to absorb disturbances and respond
to change while essentially retaining the same function) [24]. Despite recent sightings of
juvenile B. muricatum at Ningaloo Reef [25], there remain no empirical data on their current
distribution and/or abundance.

Here, we assess the abundance, density and size structure of B. muricatum within
the world heritage listed Ningaloo Reef, western Australia. We use data obtained from
three sources to assess the spatiotemporal distribution and size structure of B. muricatum
populations. The three data sources include: (1) historical surveys of the abundance and
density of reef fish assemblages at northern Ningaloo Reef (1987–2019); (2) qualitative
observations of B. muricatum at northern Ningaloo by expert witnesses (2006–2020); and,
(3) targeted timed swim surveys of B. muricatum abundance and size at northern Ningaloo
(2021). We discuss the implications of our findings for the ongoing management of this
iconic engineer within the world heritage listed Ningaloo Reef.

2. Materials and Methods
2.1. Study Location

Our study was focused along the western section of Ningaloo Reef (north-western
Australia) along approximately 60 km of coastline (Figure 1). Ningaloo Reef is a fringing
reef with well-developed reef slope, reef flat and lagoon reef zones. The reef crest is
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typically 0.2–1.0 km from the shore with passages (0.4–1.0 km wide; 2–5 m depth) from
the reef slope to lagoon occurring at regular intervals (approximately 10–15 km) along the
length of the reef. Fish movement among reef zones is largely unrestricted over the full
tidal range, with the exception of shallow reef flat areas, which are inaccessible to larger
fish (>50 cm TL) during spring low tides (<0.3 m deep: 20–24 h per month). Live coral
cover ranges from 15–25% on the reef slope, 25–90% on the reef flat and back reef and 0–5%
in the lagoon and within the reef passages [26], with Acroporidae and Poritidae corals
dominating reef slope and flat zones [27]. Ningaloo Reef is relatively isolated from large
human populations, with the nearest major town, Exmouth, having a population of less
than 2500. As such, fishing pressure is assumed to be limited, though visitation to the
area can be high [22]. Spearfishing has not been permitted on the reef slope at northern
Ningaloo Reef since 2005; however, recreational line fishing is currently permitted within
most zones, excluding sanctuary areas (Figure 1a). No major commercial fishing activities
have occurred within the study area since the 1970s [22].
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Figure 1. (a). Number and size frequency of B. muricatum observed during timed swim surveys along the reef crest of
Ningaloo Reef between February and May (yellow dots) 2021. Black dots = survey locations, grey regions = no spearfishing
zones, green regions = sanctuary zones. (b) Number of B. muricatum observed by expert witnesses (yellow dots) between
2005–2010, 2011–2015 and 2016–2020 showing the majority of observations were located within 15 km of Mangrove Bay.
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2.2. Historic Reef Fish Surveys (1987–2019)

Data from major research and monitoring programs surveying fish at northern Ninga-
loo Reef over the last 32 years (1987–2019) were examined for records of B. muricatum
(Table S1). All major tropical marine fishes field guides and online databases were also
searched for records of B. muricatum. Historical reef fish surveys encompassed three sur-
vey methods: Underwater Visual Census (UVC: 1987–2019), Baited Remote Underwater
stereo-Video (BRUV:2000–2015) and Diver Operated stereo-Video (DOV:2006–2016) (see
Table S1) [28–30]. Historical surveys were conducted in four of the five major reef zones at
Ningaloo (lagoon, back reef, reef flat, reef slope) ranging from 3 m to 20 m water depth. No
historical surveys were conducted within the reef crest zone. Detailed summaries of the
time and/or area surveyed within each zone and survey methods are provided in Table 1.

Table 1. Major research and monitoring programs surveying fish at northern Ningaloo Reef (Cloates to Jurabi; 1987–2019)
showing the time (hours) for BRUV surveys, area (ha) for other surveys and number of B. muricatum observed across the
four major habitats. For a complete list of surveys refer to Tables S1 and S2.

Reef Zone B. muricatum

Survey Method Years Lagoon Back Reef Reef Flat Reef Crest Reef Slope Total
Time/Area Number DENSITY

Ind/ha

BRUV (hours) 2000–2015 351.5 34.0 66.0 0 426.0 877.5 h 0 0

DOV (ha) 2006–2016 13.6 4.0 1.0 0 3.0 21.6 ha 0 0

UVC (ha) 1987–2019 49.9 30.2 28.6 0 35.7 144.4 ha 0 0

This study
Timed UVC swim (ha) 2021 0.0 0.0 0.0 63.2 0 63.2 ha 155 2.38

2.3. Qualitative Observations of B. muricatum at Northern Ningaloo (2006–2020) Solicited from
Expert Witnesses

Data on the presence and size of B. muricatum observed at Ningaloo Reef between
2006 and 2020 were solicited from expert witnesses. Using local community facebook
pages (Exmouth, Coral Bay, Ningaloo Whale Shark operators), members were asked to
confirm sightings of B. muricatum on Ningaloo Reef. Specifically, we asked the following
four questions: “have you have seen B. muricatum (humphead parrotfish) at northern
Ningaloo?”; “when have you seen B. muricatum at northern Ningaloo?”; “where have you
seen B. muricatum at northern Ningaloo (coordinates or reef zone)?”; and, “how many
B. muricatum did you observe and what was their approximate length?”. If group members
responded positively to any of these four questions, they were contacted via phone or
email and provided an opportunity to validate their responses and expertise identifying
coral reef fish species by answering two further questions: “how confident are you in your
response to the previous questions (0–100%)?”; and, “how many years’ experience do you
have in identifying coral reef fish species (<5 years, 5–10 years, >10 years)?”. Responses
were included if respondents were >80% confident in their response and had more than
5 years’ experience identifying coral reef fish species. Known experts in surveying fish
communities at Ningaloo Reef were also contacted directly and asked the same questions
with results anonymised and summarised for each habitat (see Table S3 for details).

2.4. Observations of B. muricatum at Northern Ningaloo (2021) from Reef Crest Timed
UVC Surveys

Data on B. muricatum abundance, distribution and size on the reef crest (2–4 m depth)
were obtained using a series of 20-min timed swim surveys between Osprey and Jurabi
at northern Ningaloo between February and May 2021 (henceforth called timed UVC
surveys). B. muricatum are largely restricted to shallow exposed habitats (reef crest and
reef flat); [9,12]) so surveys were targeted within the reef crest (2–4 m depth) on calm
days (<5 knots, <1.5 m swell) when conditions allowed safe access to the surf-zone. Two
snorkelers separated by approximately 15 m swam parallel to the reef crest in the direction
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of the prevailing current for 20 min, recording the number and estimated length of each
B. muricatum within a 10 m wide belt. Forty-four sites were surveyed with a minimum
distance between adjacent surveys of approximately 100 m. The start and end points of
each survey were recorded using handheld GPS (Garmin eTrex), and the distance swum
(metres) and the total survey area (ha) were calculated for each survey (Table S2). Prior to
conducting surveys, observers were trained to identify B. muricatum using region-specific
field guides [25] and estimate length using calibration models.

3. Results
3.1. Historic Reef Fish Surveys (1987–2019)

No previous records of B. muricatum were recorded in monitoring programs survey-
ing fish at northern Ningaloo Reef over the last 32 years (1987–2019). Three records of
B. muricatum were recorded in tropical marine fishes field guides between 2011 and 2020.
Detailed summaries of the time and/or area surveyed within each habitat and survey
methods are provided in Table 1 and Table S1.

3.2. Qualitative Observations of B. muricatum at Northern Ningaloo (2006–2020) Solicited from
Expert Witnesses

A total of 27 observations of B. muricatum between 2007 and 2020 were solicited from
expert witnesses using social media (Figure 1b, Table S3). The frequency of observations
increased between 2005 and 2020 with 10 reported sightings between 2005 and 2015 and
seventeen reported sightings between 2016 and 2020 (Figure 1b). The mean size of fish in
sightings was 80 cm (range = 6–100 cm) and the majority of sightings occurred on the reef
flat or reef crest within 15 km of Mangrove Bay (Figure 1b).

3.3. Observations of B. muricatum at Northern Ningaloo (2021) from Reef Crest Timed
UVC Surveys

A total of 155 individuals of B. muricatum were recorded across 63.2 ha of reef crest
surveys in 2021, equating to mean density of 2.38 ind/ha (Figure 1a). This is in contrast to
their complete absence from 32 years of historical scientific surveys. Bolbometopon muricatum
distributions at northern Ningaloo were highly spatially restricted with individuals located
exclusively in reef crest habitats adjacent (within 10 km) to Mangrove Bay (Figure 1).
Maximum densities of B. muricatum (42.8 ind/ha) were observed on the reef crest within
10 km of Mangrove Bay, where encounter rates were also high (Figure 1a: B. muricatum
observed on 6 of the total 20 transects adjacent Mangrove Bay). The mean TL length
of individuals was 80 cm (±1.6 cm SE) and the range 50–110 cm, with only 7 of the
155 individuals less than 60 cm TL (Figure 1a).

4. Discussion

Bolbometopon muricatum were recorded in moderate densities across 63.2 ha of reef crest
surveys in 2021, equating to mean density of 2.38 ind/ha (range 0.0–42.8 ind/ha). Their
absence from 32 years of historical scientific surveys is likely due to the lack of surveys in
the surf/reef crest zone and the sampling biases of historical survey methods (e.g., DOV,
BRUV). Regular sightings of B. muricatum (up to 100 individuals and 120 cm TL) by expert
witnesses between 2007 to 2020, in combination with the large size of individuals observed
during 2021 surveys (mean ± SE = 80.9 ± 1.2 cm, range = 50–110 cm), indicates B. muricatum
are unlikely to have recently arrived at northern Ningaloo and may have been present for
many years. Furthermore, increased sightings of B. muricatum by expert witnesses between
2005 and 2020 could suggest their abundance at northern Ningaloo may be increasing.
Based on estimates of rates of calcium carbonate bioerosion by individual B. muricatum from
the Great Barrier Reef (5.69 ± 0.53 tonnes/yr/individual: [10]), B. muricatum at northern
Ningaloo are removing an estimated 13.42 tonnes/ha or 1.34 kg/m2 of calcium carbonate
per year, which is broadly comparable with estimates of total parrotfish bioerosion at reefs
in the central Indian (i.e., Seychelles, Chagos, Maldives, Mozambique [31]) and Pacific
Oceans (Moorea, Pohnpei, Northern Sulawesi: [9]). Although we did not quantify feeding
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rates during this study, we observed B. muricatum feeding scars on live coral colonies during
surveys in 2021 (authors pers. obs). B. muricatum regularly feeds on living corals (48.2% of
bites on outer shelf GBR reefs; [10]), and at northern Ningaloo, is likely to be influencing
live coral cover, vertical reef growth, as well as coral growth rates and colony shapes.
Moreover, the redistribution of an estimated 1.34 kg/m2/yr of reef sediment through B.
muricatum feeding and excretion at northern Ningaloo would have a marked impact on the
deposition and accumulation of reef sediments. Adult B. muricatum are therefore currently
present at northern Ningaloo at densities that are likely to be ecologically relevant.

Bolbometopon muricatum distributions at northern Ningaloo were spatially restricted
with individuals observed exclusively in reef crest zones. Moreover, B. muricatum was
spatially aggregated across just 15 km/26.7 ha of reef crest zone and maximum densities
(42.8 ind/ha) were observed within 10 km of Mangrove Bay. Within this area, encounter
rates were also high (Figure 1: B. muricatum observed on six of the total 20 transects adjacent
to Mangrove Bay) during timed swims and among expert witnesses. The reason for this
spatial concentration is not known but may relate to proximity of habitats suitable for
juvenile B. muricatum and/or adult resting sites. B. muricatum typically settle to branching
corals in sheltered lagoons adjacent to mangroves [32], before moving to high energy
forereef foraging habitat as adults [12]. Adults are also known to seek shelter in deep inter-
reef passages at night [33,34]. Reef crest zones at northern Mangrove Bay are currently
characterised by moderate live coral cover (mean ± SE = 19% ± 5.8%: [27]) and close
proximity to the only mangroves stands at northern Ningaloo. It is therefore possible that
the highly restricted spatial extent of observations of B. muricatum observed in this study are
due to the co-location of ideal habitats for feeding and recruitment, although we are unable
to rule other factors such as temperature (see Table S4 for additional factors considered).

The size frequency structure of B. muricatum observed at northern Ningaloo indicates
all individuals were likely to be reproductively mature adults (>40 cm) [32]. Of the
155 individuals observed, the mean TL was 80.9 cm (±1.6 cm SE) and the range 50–110 cm,
with only seven of the 155 individuals less than 60 cm TL (Figure 1a). Unlike most
parrotfishes, B. muricatum are gonochoric (single sex), with females reaching sexual maturity
at about 55–65 cm TL and 7–9 years of age [32]. The lack of juvenile sized B. muricatum
(<40 cm TL) at northern Ningaloo is consistent with other studies on the GBR where
Bellwood and Choat reported just four juveniles (<35 cm TL) among 664 individuals
recorded during >5000 h of surveys [33]. Noteworthy records of juvenile B. muricatum
at Ningaloo Reef include those by Denise Jenkins in June 2011 (a single juvenile, 6 cm,
5 km north Mangrove Bay) [25] and Glen Whisson in August 2018 and May 2020 (three
juveniles ranging 6–10 cm, 120 km south Mangrove Bay) (iNaturalist.org 2020). Both of
these photographic records indicate that juvenile B. muricatum do occur at Ningaloo Reef
and these juveniles may be recruiting from the populations of reproductively mature local
adults observed during the present study.

The lack of B. muricatum from historical scientific fish surveys may relate to the meth-
ods used being inappropriate for highly mobile, sparsely distributed reef taxa. Alternatively,
it may reflect the poleward expansion of this species along the western Australian coast
as has been documented for other tropical reef fish species [35]. B. muricatum are highly
gregarious, feeding and sleeping in groups of up to 100 individuals [36] with spawning
aggregations of up to 1200 individuals [34]. Schools can move up to 6 km per day [32] but
they are often sparsely distributed, making them difficult to detect using certain survey
techniques [37]. For example, traditional UVC and DOV techniques generally survey
small areas (<1000 m2 per survey; [38]) and as a result, often fail to detect large, highly
mobile and/or sparsely distributed fish species. Improved density estimates of sparsely
distributed taxa usually require sampling over larger scales (>1000 m2). The exclusive
observations of B. muricatum on the reef crest during our timed swims (>11,000 m2 per
survey) suggests B. muricatum, like many populations of large-bodied, sparsely distributed
reef fishes, are most reliably detected using spatially comprehensive survey techniques
conducted within targeted habitats.



Fishes 2021, 6, 73 7 of 9

5. Conclusions

A total of 155 B. muricatum were recorded across only 63.2 ha of reef crest surveys,
with densities highest in the surf zone of reef crest habitats adjacent to Mangrove Bay.
By soliciting expert witness observations and combining these with timed swim surveys
conducted in the preferred habitats of B. muricatum, we were able to provide the first
estimate of the distribution, density and size of B. muricatum at northern Ningaloo. To our
knowledge, these observations represent the first records of adult B. muricatum in scientific
surveys at Ningaloo Reef. The densities of B. muricatum observed at northern Ningaloo
in 2021 suggest this species is removing an estimated 13.42 tonnes/ha or 1.34 kg/m2 of
calcium carbonate per year, which is broadly comparable with estimates of total parrotfish
bioerosion across many reefs in the central Indian and Pacific Oceans. Regular sightings
of adult B. muricatum by expert witnesses between 2007 to 2020, in combination with the
large size of individuals observed during 2021 surveys, indicates B. muricatum may have
been present at northern Ningaloo Reef for many years. Although not currently afforded
elevated conservation status within current management plans, B. muricatum possess many
life-history characteristics which make them vulnerable to overfishing that may justify
consideration for species specific protection within the world heritage listed Ningaloo Reef
Marine Park.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/fishes6040073/s1, Table S1: Summary of historical scientific surveys of fish assemblages
at Ningaloo Reef (1987–2019), Table S2: Summary data from February and May 2021 timed-swim
surveys, Table S3: Reported sightings of Bolbometapon muricatum by expert witnesses between 2007
and 2020 at Ningaloo obtained via social media, Table S4: Assessment of limiting factors on the
distribution and abundance of Bolbometapon muricatum at northern Ningaloo.
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