
1 
 

Evidence for rapid recovery of shark populations within a coral reef 
marine protected area  
Conrad W. Speeda,b,*, Mike Cappoa, and Mark G. Meekana,b 

aAustralian Institute of Marine Science, Indian Ocean Marine Research Centre, UWA (MO96), 35 Stirling Hwy, 
Crawley Western Australia 6009, Australia, 

bGlobal FinPrint Project, AIMS, UWA (MO96), 35 Stirling Hwy, Crawley Western Australia 6009, Australia 

* Australian Institute of Marine Science, Indian Ocean Marine Research Centre, The University of Western 
Australia (MO96), 35 Stirling Hwy, Crawley Western Australia 6009, Australia. 

E-mail address: c.speed@aims.gov.au 

 

ABSTRACT 

There is limited evidence on the rate at which the shark populations of coral reefs can 
rebound from over-exploitation, the baselines that might signify when recovery has occurred 
and the role of no-take Marine Protected Areas (MPA) in aiding this process. We surveyed 
shark assemblages at Ashmore Reef in Western Australia using baited remote underwater 
video Stations in 2004 prior to enforcement of MPA status and then again in 2016 after eight 
years of strict enforcement. We found an increase in the relative mean abundance of 
Carcharhinus amblyrhynchos from 0.16 ± 0.06 individuals/hr-1 in 2004 to 0.74 ± 0.11 
individuals/hr-1 in 2016, a change that was also accompanied by a shift in the assemblage of 
sharks to greater proportions of apex species (from 7.1% to 11.9%) and reef sharks (from 
28.6% to 57.6%), and a decrease in the proportional abundance of lower trophic level species 
(from 64.3% to 30.5%). Abundances and trophic assemblage of sharks at Ashmore Reef in 
2004 resembled those of the Scott Reefs, where targeted fishing for sharks still occurs, 
whereas in 2016, abundances and trophic structures had recovered to resemble those of the 
Rowley Shoals, a reef system that has been a strictly enforced MPA for over 25 years. The 
shift in abundance and community structure coincident with strict enforcement of the MPA at 
Ashmore Reef has occurred at a rate greater than predicted by demographic models, implying 
the action of compensatory processes in recovery. Our study shows that shark communities 
can recover rapidly after exploitation in a well-managed no-take MPA. 
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1. Introduction 

The k-selected life history traits of slow growth, long life spans, late sexual maturity, 
long gestation periods and reduced fecundity of sharks (Cortes 2000) imply inherently slow 
rates of recovery (4-5% yr-1) from population declines. Coupled with high rates of 
exploitation (6-8% yr-1) by fishing in response to market demand (Clarke et al. 2006; Worm 
et al. 2013), this has resulted in many populations of sharks being depleted at a rate that 
exceeds their natural recovery potential (Worm et al. 2013). In tropical ecosystems, fishing 
has caused declines in common species of sharks in many localities worldwide. For example, 
there have been losses of  reef sharks of 7-17% per annum on the Great Barrier Reef 
(Robbins et al. 2006), over a 90% decline on reefs in the Chagos Archipelago since the 70s 
(Graham et al. 2010), and modelled estimates of declines in abundance to 3-10% of baseline 
values on reefs in the central-western Pacific (Nadon et al. 2012).  

Declining populations of sharks in the tropics are of concern because of increasing 
evidence of their important trophic role (Heithaus et al. 2010; Heupel et al. 2014; Roff et al. 
2016; Ruppert et al. 2013). The presence of sharks has been shown to affect the diet, 
condition and morphology of their prey (Barley et al. 2017a, b) and food chain structure 
(Barley et al. 2017a). There is also evidence that the absence of predators may affect the 
ability of reefs to recover from disturbances that remove coral cover (e.g. cyclones and 
bleaching) (Ruppert et al. 2013) and promote outbreaks of corallivores (e.g. crown-of-thorns 
starfish Acanthaster plancii (Dulvy et al. 2004; Ruppert et al. 2013), which is a major issue in 
a world facing climate change (Hughes et al. 2003). However, there is still some uncertainty 
around the exact functional role reef sharks play in structuring reef communities, which is 
due to the complex nature of ecosystem dynamics and unknown exploitation histories (Roff 
et al. 2016). For many coastal and island nations in the tropics, sharks are also a valuable 
tourism resource that support industries that provide significant benefits to regional 
economies (Brunnschweiler 2010; Gallagher and Hammerschlag 2011; Huveneers et al. 
2017; Vianna et al. 2012).   

 An understanding of the rate at which populations of reef sharks might recover, and 
the management strategies that might enhance this goal are hampered by a lack of field 
observations of this process. Estimates of recovery rates are largely based on modelling of 
demographic rates of growth, reproduction and survivorship (Cortes 2002; Hisano et al. 2011; 
Smith et al. 1998) that often do not include estimates of density-dependant factors such as 
competition, predation, cannibalism, immigration and emigration. Moreover, once 
circumstances have allowed recovery to begin, the endpoint of the process is uncertain, since 
there are few baselines that might indicate what a “pristine” (unfished) shark community 
might look like (Nadon et al. 2012). This uncertainty is largely due to the ubiquitous nature of 
fishing in coral reef ecosystems worldwide (Newton et al. 2007). These issues are pertinent to 
the establishment of management strategies such as marine protected areas (MPAs) (Bond et 
al. 2012; White et al. 2017) and shark sanctuaries (Ward‐Paige et al. 2012) that have been 
promoted as a means of ensuring the conservation and recovery of shark populations. They 
add to other unanswered questions about this approach to management and its efficacy 
(Davidson 2012), such as the optimal size and placement of MPAs, whether they are useful 
for all components of a shark fauna including wide-ranging apex predators (Ward‐Paige et al. 
2012) and mesopredators (White et al. 2017), and the level of enforcement that is required to 
have desired effects for shark populations (Ward-Paige 2017). It is generally agreed that strict 
enforcement is paramount to the success of an MPA (Chapman et al. 2013; Dulvy 2006; 
Edgar et al. 2014; Gill et al. 2017), although even well-managed parks such as the Great 
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Barrier Reef Marine Park have seen declines in common species of reef sharks due to illegal 
fishing in no-take zones (Robbins et al. 2006).  

Coral reef systems in the north-west of Western Australia (WA) offer a unique 
opportunity to examine the recovery of reef shark populations from fishing and the role of 
MPAs in this process, within the context of a large-scale (hundreds of km, multiple reefs) 
natural experiment. Three atoll-like reefs systems, Ashmore Reef, the Scott Reefs, and the 
Rowley Shoals occur at the edge of the continental shelf in this region. Prior to 1998, 
Ashmore Reef was subjected to both targeted shark fishing and subsistence fishing (both 
legal and illegal) by Indonesian fishermen. A no-take MPA was established at this time and 
enforced through occasional monitoring from 2004 and then by the continuous presence of a 
government vessel from 2008. The Scott Reefs to the south of Ashmore Reef have been 
subjected to targeted fishing for sharks by Indonesian fishermen for centuries, a phenomenon 
that is still ongoing today (Meekan et al. 2006; Vince 2007). In contrast, the Rowley Shoals 
that lie to the south west of the Scott Reefs have been an MPA for over 25 years and are 
subject to very low or negligible levels of fishing pressure (Conservation 2007). Surveys at 
Ashmore Reef collected in 2004 and then again 12 years later in 2016 following these 
changing conditions of enforcement of MPA regulations provided our study with an ideal 
platform to monitor the rate and outcome of the recovery of shark populations. By comparing 
results for Ashmore Reef with those of surveys of Scott Reefs and the Rowley Shoals, we 
were able to identify changes in the structure and abundance of shark communities that might 
indicate a return to pre-fishing levels and to examine the effectiveness of MPAs as a 
conservation tool for the recovery of shark populations. We focus our study on the grey reef 
shark, Carcharhinus amblyrhynchos, as an indicator species of recovery given that it is one of 
the most common species of reef shark in the Indo-Pacific and targeted for its fins by both 
legal and illegal fishing (Marshall 2011). We compare predicted rates of recovery for this 
species with direct observations in order to identify the potential role and importance of 
density-dependant factors in the recovery process.  

  

2. Material and methods 

2.1. Study site and background 

2.1.1. Ashmore Reef 

 Ashmore Reef (12° 14.929'S, 123° 3.319 E) is a large, lagoonal platform reef  (26 km 
long and 14 km wide) with three low vegetated islands on the North-West Shelf of Australia, 
rising from the edge of the continental slope (Wilson 2013) (Figure 1). The reef is situated ca. 
350 km from the mainland of north-west Australia; its closest reef system is the island of Roti 
in Indonesia, which is situated ca. 145 km to the north (Berry 1993). 

Ashmore Reef National Nature Reserve was proclaimed in 1983 (583 km2), although 
traditional fishing by Indonesian artisanal fishers was permitted at Ashmore Reef and Scott 
Reefs by way of a memorandum of understanding (MOU) with the Australian Government 
until 1988 (Australia 2002). After this time, a no-take MPA that banned all fishing was 
declared at Ashmore Reef, although West Island lagoon, a small area in the centre of the reef, 
was exempted from this restriction to allow subsistence fishing. Despite protection status, 
illegal fishing for sharks and reef fishes continued up into the 2000s (Field et al. 2009), as 
any enforcement of the MPA was difficult due to the remote location of Ashmore and the 
proximity of the reef to Indonesia. Between 2000 and 2006, Australian Border Force vessels 
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made sporadic patrols, although from 2008 a vessel was deployed at Ashmore Reef on a near-
permanent basis (300 continuous days per year) (DIBP 2017). Ashmore Reef was thus 
considered to be a ‘fished reef’ pre-2008 and a fully protected reef post-2008. 

 

2.1.2. Scott Reefs 

 The Scott Reefs consist of three large atolls on the edge of the continental shelf: 
Seringapatam Reef (8 x 9.4 km); Scott Reef North (16.3 x 14.4 km); and Scott Reef South 
(27.4 x 17 km), which are located ca. 260 km from the mainland of north-western Australia 
(14° 0′ S, 121° 45′ E), 400 km north-east of the Rowley Shoals and 200 km south of Ashmore 
Reef (Berry 1986) (Figure 1). The Scott Reefs have been fished by Indonesian artisanal 
fishers since at least the 1800s (Russell and Vail 1988) who have targeted sharks for fins and 
collected reef fishes for subsistence. The Scott Reefs and Ashmore Reef lie within the “MOU 
Box” (Figure 1) where Indonesian fishermen are still permitted to fish using traditional 
techniques by agreement with the Australian Government, although not within Ashmore Reef 
MPA (Meekan et al. 2006).  

 

2.1.3. Rowley Shoals  

 This system is composed of  three large reefs: Imperieuse (17.8 x 9.5 km); Clerke 
(15.8 x 7.6 km), and Mermaid (14.5 x 7.6 km) (Berry 1986), which are to the south of the 
MOU box and share the same position at the edge of the continental shelf as the Scott and 
Ashmore reefs. Unlike the Scott Reefs, Rowley Shoals are a no-take MPA and marine reserve 
(est. 1990) that are subject to only very small amounts of charter fishing that mostly targets 
tunas and billfishes (Conservation 2007; Figure 1). The Rowley Shoals are therefore 
considered to be a baseline of “pristine” (unfished) abundances of sharks against which 
changes in numbers and trophic structures of shark communities at Ashmore Reef and the 
Scott Reefs can be compared. 

 

2.2. Data collection 

 Data were collected using Baited Remote Underwater Video Stations (BRUVS) in 
shallow water (< 60m) around Ashmore Reef in October 2004 and January 2016, and the 
Scott Reefs and the Rowley Shoals in September 2016. The 2004 survey around Ashmore 
Reef was part of a larger survey of shark stocks in the MOU Box (Meekan et al. 2006). The 
2016 surveys were conducted as part of the Global FinPrint Project https://globalfinprint.org/. 
The BRUVS consisted of a galvanized or aluminium frame enclosing a camera housing made 
from PVC pipe with flat acrylic ports. Sony TRV18E MiniDV Handicams with wide-angle 
lenses (0.6 x) were used in housings in 2004 and GoPro Hero4 Silver Edition were used in 
2016. Cameras were set to a medium field of view (FOV) in 2016 to ensure compatibility 
with cameras used for the 2004 surveys. The FOV for cameras in 2004 at 1m was 0.96m 
(horizontal) and 0.71m (vertical), while cameras in 2016 had an FOV at 1m of 1.26m 
(horizontal) and 0.71m (vertical). It is not possible to standardise the perimeter of the field of 
view with single cameras, although it can be set with stereo-video systems (see Harvey et al. 
2002). The perimeter of the field of view depends on water clarity and illumination, as well 
as the size of the sharks relative to the resolution of the cameras. However, it is possible to 
adjust the FOV during video playback, which allowed us to reanalyse a subsample of our 
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videos to check for consistency of sampling with differing FOV between sampling periods 
(Figure A.1).  

 A bait bag containing 1 kg of crushed pilchards (Sardinops spp.) was suspended at the 
end of a 1.5 m pole in front of the camera. BRUVS were deployed to provide 60-90 minutes 
of video recorded at the seabed. Successive deployments within a set were spaced between 
400 to 1000 m apart in shallow depths (4 – 58 m) around the reef during daylight hours. 
BRUVS were spaced > 400 m apart to minimise the likelihood of overlapping bait plumes. 
Deployments were more evenly distributed in 2004 along shallow reef contours, whereas 
deployments in 2016 were randomly placed along reef contours and associated shallow 
habitats (Figure 1). Deployments around the Scott Reefs and Rowley Shoals in 2016 were 
focussed on the leeward side of the reef (eastern side of atoll), as this is provided 
representative shallow reef slope habitat and safe working conditions (Table 1 and Figure 
A.2).  

 

2.3. Habitat classification & video interrogation 

 Habitats were classified from a still reference image taken from the beginning of each 
BRUVS deployment video. Visual estimates of coral cover (0-100% rounded to the nearest 
5%), complexity (Low, Medium, and High), and habitat type (Sand, Reef, Other) were 
estimated by eye, similar to other studies (Espinoza et al. 2014; Malcolm et al. 2011; Tickler 
et al. 2017). All visible habitat was included in the classification process. Such visual 
estimates have been shown to be similar to those obtained by dedicated techniques including 
line-intercept transects (Wilson et al. 2007). 

GoPro video footage from BRUVS deployed in 2016 was stitched and converted to 
avi format using Xilisoft Video Converter prior to being analysed with EventMeasure 
(www.seagis.com). The maximum number of sharks seen at any one time on screen 
throughout each video (MaxN) was used as a measure of relative abundance (Ellis and 
DeMartini 1995; Meekan et al. 2006; Willis and Babcock 2000).  

 

2.4 Data analyses 

Relative abundances of sharks (MaxN) were standardised to the soak time, to produce 
a rate of shark sightings per hour of soak time to allow comparisons with earlier studies at 
both regional and global scales. Videos with aggregations of sharks (MaxN > 15 – Scott Reef 
= 1 video, and Rowley Shoals = 1 video) were removed from mean abundance per hour 
estimates, as these disproportionally upwardly biased estimates for these locations.   

In order to make comparisons among sampling years and different reef systems, the 
proportion of the shark assemblage that each species represented was calculated. Sharks were 
classified into broad trophic groups (based on Hammerschlag Under Review) as: a) ‘Higher 
Trophic Position’ (Apex predators such as: Galeocerdo cuvier, Negaprion acutidens, Sphyrna 
lewini, and Hemipristis elongata), b) Reef Sharks (Carcharhinus albimarginatus, C. 
amblyrhynchos, and C. melanopterus), and C) Lower Trophic Position (Nebrius ferrugineus, 
Stegostoma fasciatum, Triaenodon obesus, Hemitriakis falcata, and Atelomycterus fasciatus). 
A Pearson’s chi-squared goodness of fit test was used to determine whether community 
composition differed among reefs and through time at Ashmore Reef (Agresti 1996). This 
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technique was applied to the total MaxN of each trophic position grouping per reef and for 
both of the years (2004 and 2016) when Ashmore was sampled. 

Rates of recovery for C. amblyrhynchos between our surveys of 2004 and 2016 were 
calculated based on intrinsic rates of rebound for this species given by Smith et al. (1998), as 
well as estimates of natural population growth in the absence of fishing from multiple models 
collated by Hisano et al. (2011). These rates were used to calculate predicted increases in the 
mean number hr-1 of C. amblyrhynchos recorded by BRUVS between 2004 and 2016 given 
the absence of any mortality through fishing. The first model provided by Smith et al. (1998) 
gave a productivity estimate (r2m) of 5.4 % increase per year, which assumed that increases 
occur through increased survivorship of adults, while the second model estimated an r2m of 
7.8 % increase per year, which accounted for increased fecundity in an expanding population 
(Smith et al. 1998). The third group of models were Leslie matrix population models, which 
provided a number of estimates of survival based on varying natural mortality estimates 
(Hisano et al. 2011). These estimates were then combined to produce a consensus estimate of 
natural growth, which was a bias-corrected median of growth in the absence of fishing 
mortality of 2 % per year (Hisano et al. 2011). 

Generalised Linear Models (GLMs) with Poisson and Negative Binomial distributions 
were used to test for an effect of habitat variables and time between the two sampling periods 
(2004 and 2016) on abundance of C. amblyrhynchos. Given there was a high percentage of 
zeros present in the dataset (65%), a Zero-Inflated model with a Poisson distribution was also 
fitted. Model residuals were plotted against fitted values as were model residuals plotted 
against covariates to determine whether model assumptions were met (Zuur et al. 2007).  
Models included the explanatory variables depth, coral cover, habitat type, habitat complexity 
and year. To address differences in deployment times of BRUVS, ‘soak time’ was used as an 
offset within the model structure (e.g. Espinoza et al. 2014). A data exploration phase was 
used to determine whether there was any collinearity among variables. Coral and depth were 
determined to be correlated (Pearson Correlation = 0.5) and therefore not included within the 
same models. Models were ranked using Akaike’s Information Criterion corrected for small 
sample sizes (AICc) and AICc weights (wAICc) (Burnham and Anderson 2002). 
Overdispersion was assessed using Pearson residuals, where a score of close to 1 is indicative 
of a lack of over-dispersion (Zuur et al. 2009). All analyses used the Program R with 
packages MASS to fit Negative Binomial models (Venables and Ripley 2002), pscl to fit 
Zero-Inflated models (Jackman et al. 2007), MuMIn to rank models (Bartoń 2013), Visreg to 
assess partial residuals (Breheny and Burchett 2013), and hier.part to assess variance 
partitioning of models (Walsh et al. 2003). 

 

3. Results 

3.1. Ashmore Reef 

The mean number of C. amblyrhynchos hr-1 sighted on BRUVS surveys differed 
significantly between 2004 and 2016. In 2004, MaxN averaged 0.16 (± 0.06 SE), whereas in 
2016 abundances were 4.6 times greater with MaxN averaging 0.74 (± 0.11 SE) (Figure 2A). 
The greatest number of sharks seen on one deployment in 2004 was a MaxN of two 
individuals, compared to a MaxN of four individuals in 2016. Shark numbers were highest in 
2016 around the western edge of the reef slope, a pattern that was not observed in 2004 
(Figure 3). Given the average abundances we observed in 2004, intrinsic rate of increase 
models for C. amblyrhynchos (Smith et al. 1998) and natural population growth models 
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(Hisano et al. 2011) suggested that a time interval of 20 to 80 years would be required to 
attain the mean abundances we observed in 2016, depending on the growth model adopted 
(Figure 2B). This was a far greater time period than the 12-year span between our BRUVS 
surveys. 

The effect of sampling year and environmental variables on C. amblyrhynchos 
abundance was tested using Poisson distributed Generalised Linear Models (GLMs). The 
Poisson GLM that included year, habitat, and complexity provided the top-ranked fit (wAICc 
= 0.60) and explained the highest amount of deviation (D.E. = 33.10%) (Table 2). This model 
was preferred over the Negative Binomial and Zero-Inflated Models as they were all within 2 
AIC of each other and for this reason, the Poisson model was selected as the most 
parsimonious. There was little evidence of overdispersion of the top ranked model 
(overdispersion value 0.97). Variance partitioning attributed 50% of the variance in the data 
to the factor ‘year’ and 26% to ‘habitat’ (Figure A.3). Environmental variables attributed to 
higher shark abundance were non-sandy habitats (i.e. reef or other habitat with vertical relief) 
(Figure 4B) and low to medium habitat complexity (Figure 4C). 

 

3.2. Scott Reefs and Rowley Shoals 

 In 2016 the mean number of C. amblyrhynchos hr-1 differed between the Scott Reefs 
and the Rowley Shoals, with the former having lower numbers (0.15 ± 0.04 SE) of sharks 
compared to the latter (0.65 ± 0.14 SE; Figure A.4). When videos that featured aggregations 
of C. amblyrhynchos at both sites were included in the data, the greatest number of sharks 
seen on one deployment at Scott Reefs was a MaxN of 21 individuals (recorded at North 
Scott Reef), compared to a MaxN of 18 individuals at Rowley Shoals (recorded at Imperieuse 
Reef).  

 

3.3. Comparison of trophic structure at Ashmore Reef, Rowley Shoals and Scott Reefs  

The composition of the shark assemblage at Ashmore Reef in 2004 when the reef was 
open to fishing was similar to that of the Scott Reefs (still open to fishing) sampled in 2016 
(Figure 5). Both reefs had shark faunas that were dominated by species that occupied lower 
trophic positions in the food chain (64.3% of the total fauna at Ashmore in 2004, 61.9% of 
the fauna at Scott Reefs in 2016), rather than reef sharks (28.6% of fauna at Ashmore, 38.1% 
of fauna at Scott Reefs) (Table 3 and Figure 5). However, despite similarities in proportional 
community structure, a significant difference was found between both reef communities 
using combined MaxN data (X2 = 7.43, df = 2, p = 0.024). The trophic assemblage of sharks 
shifted significantly in the 12 years between our surveys at Ashmore (X2= 12.21, df = 2, p = 
0.002). We recorded a low proportion of reef sharks (28.6%) in 2004, which increased to a 
much higher proportion (57.6%) in 2016 (Figure 5). There was also a small increase in higher 
trophic position sharks from 7.1% in 2004 to 11.9% in 2016. Conversely, sharks in lower 
trophic positions declined in proportional abundance from 64.3% of the assemblage in 2004 
to 30.5% in 2016. After 12 years of protection, the shark assemblage at Ashmore Reef was 
comparable to the Rowley Shoals (X2 = 5.5647, df = 2, p = 0.061), which has been subjected 
to very little fishing pressure over the last 25 years. These changes in composition were 
mirrored by similar changes in abundance at Ashmore Reef. In 2004, mean numbers of C. 
amblyrhynchos (0.16 hr-1) were very similar to those found in 2016 at the Scott Reefs (0.15 
hr-1) (Figure A.4). Following protection, abundances of C. amblyrhynchos at Ashmore Reef 
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in 2016 (0.74 hr-1) are now equivalent to those recorded in 2016 at the Rowley Shoals (0.65 
hr-1).  

 

4. Discussion 

Our study provides some of the first data on the rate of recovery of reef shark populations 
in a coral reef ecosystem. Examples of increasing (Espinoza et al. 2014) or even stable 
(Bradley et al. 2017) populations of reef sharks in these environments are very rare. Over the 
study period of 12 years we found that abundances of the most common species, C. 
amblyrhynchos, increased four-fold on Ashmore Reef. This increase was accompanied by 
changes in assemblage structure so that in 2016, both abundance and composition were 
comparable to those of shark communities on the Rowley Shoals, a reef system that has well-
managed MPAs and has received negligible fishing pressure for almost three decades. For 
this reason, we argue that the shark populations of Ashmore Reef have effectively 
“recovered” from fishing pressures exerted by Indonesian fishermen prior to 2008 and now 
resemble baseline communities. 

The rate of recovery of C. amblyrhynchos at Ashmore Reef was much faster than 
predicted by theory. Intrinsic rates of increase for the species (Smith et al. 1998) and 
population growth model estimates in the absence of fishing (Hisano et al. 2011), suggest that 
the abundances we observed should not have occurred until 2024, 2034, or even 2084, 
depending on the model applied to the data. The question as to why recovery has outstripped 
model predictions has a number of potential answers. One reason could be underestimation of 
the model parameters applied by Smith et al. (1998) (age at maturity 7 years, maximum age 
18 years, fecundity 2.5 pups yr-1) to generate an increase of 5.4% year-1. Recent research has 
revised these variables to larger ranges (age at maturity of 9 – 11 years; (Robbins 2006; 
Smart et al. 2016), maximum age of 12 – 19 years; (Radtke and Cailliet 1984; Robbins 2006; 
Smart et al. 2016), fecundity of 1 – 6 pups year-1; (Robbins 2006; Stevens and McLoughlin 
1991; Wetherbee et al. 1997) and C. amblyrhynchos in northern Australia has been found to 
have on average three pups year-1 (Stevens and McLoughlin 1991) and 3-4 pups year-1 on the 
Great Barrier Reef (Robbins 2006). The second model applied by Smith et al. (1998) 
increased fecundities by 25%, a value more consistent with observed patterns, however 
population growth of 7.8% year-1 still remained well below the values required to obtain the 
rate of recovery we observed. The most conservative of the three models of population 
growth was produced Hisano et al. (2011), which predicted only a 2 % increase per year. 
This model used an estimate of longevity of between 19 and 25 years, whereas parameters for 
age at maturity and fecundity were obtained from Robbins et al. (2006). Under these 
conditions, C. amblyrhynchos populations would have required a recovery period seven times 
greater than the interval between our surveys to obtain the abundances we observed in 2016.  

It may be that the recovery of sharks at Ashmore Reef was accelerated through density-
dependent feedbacks in shark populations such as reduced competition, predation and 
cannibalism (Holden 1973). Removal of adults may have enhanced the growth rates of 
juveniles and thus the onset of maturity and also promoted greater fecundity in surviving 
adults (e.g. Carlson and Baremore 2003). Growth rates of juveniles could have increased both 
through the loss of conspecific competitors and the ability for smaller juveniles to occupy 
high-quality habitats where they might have been otherwise excluded or predated on by 
larger adults (e.g. Hussey et al. 2017). Additionally, targeted fishing for sharks also captures 
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large mesopredatory teleosts, which are likely to act as competitors to reef sharks (Barley et 
al. 2017a, b; Roff et al. 2016; Ruppert et al. 2013).  

Immigration of sharks from other localities adjacent to Ashmore Reef might also account 
for the rapid increase in abundances we recorded. Our study reef lies at the edge of the shelf 
with the nearest coral habitat (Cartier Reef) only ca. 50km to the southeast, a distance easily 
negotiated by adult C. amblyrhynchos (Heupel et al. 2010; White et al. 2017). However, 
Cartier Reef is very small in size (4.5 km by 2.3 km) relative to Ashmore Reef. It is also an 
MPA that was subjected to targeted shark fishing by Indonesian fishermen prior to 2008. 
Cartier Reef was included in our surveys in 2004 (but not in 2016), at which time abundances 
and composition of the shark assemblage at both reefs were similar (Meekan et al. 2006). 
This suggests that Cartier Reef could have only provided a very limited source of immigrant 
sharks for recovering populations at Ashmore. Additionally, tracking studies at isolated reefs 
both in the same region (Rowley Shoals) and elsewhere in tropical Australia have shown that 
C. amblyrhynchos adults tend to be resident over protracted time frames (months –years) 
(Barnett et al. 2012; Espinoza et al. 2015; Field et al. 2011). This is confirmed by a recent 
genetic study that has shown that populations of C. amblyrhynchos on the Rowley Shoals and 
the Scott Reefs are likely to be largely self-recruiting and demographically independent 
(Momigliano et al. 2017). Although the proximity of other reefs and shoals to the east of 
Ashmore Reef may still increase the likelihood of immigration, this might have been 
counteracted by the prevalence of illegal fishing in the Australian Exclusive Economic Zone 
(EEZ), which has severely reduced shark numbers on reefs and shoals across a wide portion 
of the region surrounding Ashmore (Field et al. 2009). Furthermore, illegal fishing has 
declined dramatically across northern Australia waters since 2008 due to increased 
enforcement, suggesting an equal release of fishing pressure for all reefs in the region (Figure 
A.5). Immigration to Ashmore Reef may still have occurred if the habitat at this locality was 
in some way particularly attractive to sharks relative to other habitats nearby. Although our 
modelling showed that habitat explained 30% of the variance for shark abundance recorded 
by BRUVS at Ashmore Reef (Figure A.3) we found no significant differences in habitat 
categories between surveys. In both 2004 and 2016 areas that had reef structure (coral, rock, 
algae), generally had higher relative abundances of sharks than areas of sand, which is 
consistent with numerous studies (Barnett et al. 2012; Economakis and Lobel 1998; Espinoza 
et al. 2014; Field et al. 2011; McKibben and Nelson 1986; Speed et al. 2016). It also seems 
unlikely that habitat quality and prey availability was a driver of movement between 
Ashmore Reef and Cartier Reef, as average cover of hard coral (ca. 25%) and fish 
community structures are very similar at both localities (Heyward et al. 2012). 

Long-term (15 years) monitoring studies on the Scott Reefs and Rowley Shoals found no 
evidence that abundances of sharks and teleost mesopredators varied in response to very large 
changes in the composition of benthic communities (loss of 80% of coral cover) and the 
replacement of live coral by turfing algae, or during the process of recovery of coral habitats 
(Ruppert et al. 2013). Recent studies have shown that the differences in relative abundances 
of sharks between the unfished Rowley Shoals and the fished Scott Reefs have now remained 
unchanged for almost 20 years (Barley et al. 2017b; Ruppert et al. 2013), despite these reefs 
undergoing long cycles of disturbance and recovery in benthic communities during this time 
(Gilmour et al. 2013). This suggests that the increase in abundance we recorded at Ashmore 
Reef was not likely to be the result of “bottom-up” natural process of disturbance that 
improved the conditions for shark survivorship and growth through time. As mesopredators 
near the top of the food chain, abundances of reef sharks are more likely to be driven by “top-
down” processes such as fishing and predation by apex species that consume these sharks 
(Lowe et al. 1996; Simpfendorfer et al. 2001; Stevens and Lyle 1989).  
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At least in initial years after fishing had ceased at Ashmore Reef, recovery of reef sharks 
may have also benefited from a lack of apex predators through lower rates of predation 
('mesopredator release’ - e.g. Barley et al. 2017b; Myers et al. 2007; Ruppert et al. 2013) and 
access to resources that were otherwise too risky to exploit. There was an increase in the 
abundance of apex predators, notably G. cuvier at Ashmore Reef between 2004 (n=0) and 
2016 (n=12), implying that numbers of this species also required time to rebound from 
fishing. Additionally, Sphyrna mokarran was also seen at Ashmore Reef in the 2016 survey, 
although it was not included our analysis as the BRUVS on which it was recorded turned 
upside down on deployment. The rapid recovery of reef sharks at Ashmore Reef may thus 
result from the synergistic effects of the eradication of fishing, reduced inter and intra-species 
competition and the reduction of predation pressure. 

There was no evidence that the increase in abundance of sharks at Ashmore Reef between 
our surveys was simply a consequence of variation in sampling intensity or efficiency of the 
baited cameras. Numerous BRUVS surveys at Scott Reefs and the Rowley Shoals between 
2004 and 2016 show that the contrast in relative abundance between these reef systems has 
been maintained irrespective of the spread of sampling sites within reefs and varying levels of 
replication (Barley et al. 2017a; Ruppert et al. 2013). This provides strong circumstantial 
evidence that the cessation of fishing was the primary driver of the differences in abundance 
we found between sampling years at Ashmore Reef. It is also unlikely that the relatively high 
abundances we recorded in 2016 were the result of an ephemeral aggregation of reef sharks at 
Ashmore Reef. Such aggregations are known to occur at small spatial scales, usually in 
response to a temporary increase in the abundance of prey such as schools of spawning fish in 
reef passes (Mourier et al. 2016), or in relation to reproductive activities (Economakis and 
Lobel 1998). However, our sampling at Ashmore was not spatially restricted and we found 
high abundances of reef sharks throughout a wide range of available habitats, suggesting that 
they did not occur in response to localised prey abundance. Although we sampled in the 
spring of 2004 and summer of 2016 at Ashmore, this is unlikely to have had an effect on 
MaxN (or additional metrics – Figure A.6), as there is little evidence to support the 
suggestion that differences in reef attendance of C. amblyrhynchos at isolated reefs (Barnett 
et al. 2012; Field et al. 2011) can be explained by seasonal or environmental drivers 
(Espinoza et al. 2015; Heupel and Simpfendorfer 2014). 

We suggest that the shark assemblage at Ashmore Reef has returned to a near-unfished 
state, based on a comparison of abundances and composition with the assemblage of sharks at 
the Rowley Shoals. The Rowley Shoals is one of the very few examples of a reef system in 
the eastern Indian Ocean that is relatively unexploited and where MPA status has been 
strictly enforced and verified by management agencies for almost three decades. The current 
trophic composition of sharks at Ashmore Reef and the Rowley Shoals are also similar in 
structure to no-take zones on the Great Barrier Reef (Figure A.7 - reproduced from Espinoza 
et al. 2014). In reality however, the potential for shifting baselines (Knowlton and Jackson 
2008) compromises any assertion that the Rowley Shoals reef system represents a “pristine” 
state for shark assemblages (i.e. without anthropogenic influences). Warming seawater 
temperatures, ocean acidification (Hughes et al. 2003) and pollution of marine food chains by 
plastics are global phenomena and their effects on shark assemblages are largely unstudied in 
the Indian Ocean (Cliff et al. 2002). Furthermore, recent research shows that apex species 
such as tiger sharks move along the entire coastline and shelf of Western Australia. In so 
doing, they traverse multiple management regimes and enter waters beyond coral reef no-take 
MPAs where they are susceptible to fishing and other anthropogenic threats (Ferreira et al. 
2015) that are likely to impact on population status (Simpfendorfer 2009). Reduced 
abundances of these keystone species are likely to have profound effects on the lower trophic 
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levels of food chains (Ferretti et al. 2010; Heithaus et al. 2008). Thus, the Rowley Shoals can 
only be considered as a “baseline” in the context of oceanic and shelf ecosystems that are 
evolving in response to human activities.   

 

5. Conclusion 

Our results show that the establishment of even a relatively small no-take MPA (583 km2) 
can aid the recovery of shark communities. Most importantly, comparisons across other reef 
systems in the region show that recovery has occurred throughout the trophic structure, 
including apex species. Separation of the shark assemblage into trophic levels also revealed a 
decline in the proportion of lower trophic level species, implying that removal of larger, top-
order species allowed some elements of the shark assemblage to increase in abundance, 
altering trophic organisation within the shark assemblage. Given that enforcement is a key 
factor underlying the success of an MPA (Edgar et al. 2014; Gill et al. 2017), the presence of 
a management agency vessel on the reef and a decline in illegal fishing are likely to have 
combined to ensure recovery. The reduction in illegal fishing pressure due to enforcement 
was also likely to be aided by increasing fuel prices for fishermen (Sumaila et al. 2006), 
changes made to policies surrounding IUU fishing (Vince 2007), and reductions in target 
species on nearby reefs (Field et al. 2009). Overall, our study shows that well-managed no-
take MPAs can foster the recovery of shark communities at all trophic levels and at rates far 
greater than predicted by current models of population growth, implying the action of 
compensatory processes in recovery.  
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Tables and figures 

Table 1. Deployment locations and depths of Baited Remote Underwater Video Stations 
(BRUVS) in north-western Australia. Data were collected at Ashmore Reef in October 2004 
and January 2016, and Scott Reefs and Rowley Shoals in September 2016. 

  2004 2016 
Depth range (m) Ashmore Reef Ashmore Reef Rowley Shoals Scott Reefs 

<10 0 11 14 19 
10 to 19 8 12 30 77 
20 to 29 17 26 5 1 
30 to 39 5 36 6 0 
40 - 49 7 4 2 0 

>50 9 0 0 0 
Total 46 89 57 97 

 



18 
 T

able 2. Sum
m

ary results of Poisson G
eneralised Linear m

odels used to test for effects of year and habitat variables on the M
axN

 of C
. 

am
blyrhynchos on B

aited R
em

ote U
nderw

ater V
ideo Stations (B

R
U

V
S) at A

shm
ore R

eef. Top ranked m
odel is highlighted in bold font. 

M
odel (G

L
M

) 
M

odel structure 
K

 
logL

ik 
A

IC
c 

Δ
A
IC
c 

w
A

IC
c 

D
.E

. 
N

ull D
ev. 

R
esid. D

ev. 
 Poisson 

H
abitat + C

om
plexity + Year 

6 
-114.00 

240.66 
0 

0.60 
33.10 

178.25 
119.25 

  
D

epth +
 H

abitat +
 C

om
plexity +

 Year 
7 

-113.29 
241.46 

0.81 
0.40 

33.90 
178.25 

117.83 
  

Year 
2 

-131.00 
266.09 

25.44 
0 

14.03 
178.25 

153.25 
  

H
abitat 

3 
-135.56 

277.3 
36.64 

0 
8.91 

178.25 
162.36 

  
C

oral 
2 

-139.85 
283.79 

43.13 
0 

4.10 
178.25 

170.95 
  

C
om

plexity 
3 

-139.29 
284.77 

44.11 
0 

2.74 
178.25 

173.36 
  

D
epth 

2 
-141.06 

286.21 
45.55 

0 
4.72 

178.25 
169.84 

  
Intercept 

1 
-143.50 

289.03 
48.37 

0 
0.00 

178.25 
178.25 
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 T

able 3. Total abundance (n) of shark species observed using B
aited R

em
ote U

nderw
ater V

ideo Stations (B
R

U
V

S) at A
shm

ore R
eef in 2004 

and 2016, as w
ell as R

ow
ley Shoals and Scott R

eefs in 2016. The num
ber of deploym

ents are in parentheses after reef nam
es. 

  
2004 

2016 
Species 

A
shm

ore R
eef  (n=46) 

A
shm

ore R
eef  (n=89) 

R
ow

ley Shoals (n=57) 
Scott R

eefs (n=97) 
Atelom

ycterus fasciatus 
0 

1 
0 

0 
C

archarhinus albim
arginatus 

0 
0 

7 
0 

C
archarhinus am

blyrhynchos 
8 

67 
60 

37 
C

archarhinus m
elanopterus 

0 
1 

0 
0 

G
aleocerdo cuvier 

0 
12 

4 
0 

H
em

ipristis elongata 
1 

1 
0 

0 
H

em
itriakis falcata 

1 
0 

0 
0 

N
ebrius ferrugineus 

0 
8 

0 
0 

N
egaprion acutidens 

0 
1 

0 
0 

Sphyrna lew
ini 

1 
0 

0 
0 

Stegostom
a fasciatum

 
0 

9 
0 

0 
Triaenodon obesus 

18 
18 

40 
60 

T
otal 

29 
118 

111 
97 
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Figure 1. N
orth-w

est oceanic region of A
ustralia including study site m

ap of A
shm

ore R
eef w

ith bathym
etric contours and B

R
U

V
S 

deploym
ents in 2004 (n=46) and 2016 (n=89). D

ashed line show
s boundary of M

O
U

 B
ox w

ithin w
hich traditional fishing by Indonesian fishers 

is allow
ed in the A

ustralian Exclusive Econom
ic Zone. 
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Figure 2. A
) M

ean relative abundance of C
. am

blyrhynchos per hour based on M
axN

 data derived from
 B

aited R
em

ote U
nderw

ater V
ideo 

Stations (B
R

U
V

S) surveys at A
shm

ore R
eef in 2004 &

 2016, and B
) Predicted recovery of sharks at A

shm
ore R

eef based on intrinsic rates of 
grow

th of 7.8 and 5.4%
 (Sm

ith et al. 1998) and 2%
 based on m

edian bias-corrected estim
ates of grow

th in the absence of fishing (H
isano et al. 

2011) (grey lines) com
pared to abundances observed in 2016 (dotted lines).
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Figure 3. Distribution and MaxN of C. amblyrhynchos at Ashmore Reef based on Baited 
Remote Underwater Video Stations (BRUVS) surveys conducted in A) 2004 (n=46) and B) 
2016 (n=89). 
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Figure 4. Partial residual plots relative to the independent variable (C
. am

blyrhynchos M
axN

) in the top ranked Poisson G
eneralised Linear 

M
odel, w

hich included Y
ear, H

abitat type, and C
om

plexity. B
lack line represents the fitted line and grey shaded areas represent the 95%

 
confidence intervals. 
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Figure 5. Trophic com
position of shark assem

blages on reefs in the north w
est of W

estern A
ustralia. D

ata are the proportion of sharks recorded 
by B

R
U

V
S in each reef system

, w
here species w

ere categorised according to H
am

m
erschlag et al. (U

nder R
eview

) as higher trophic position 
(G

aleocerdo cuvier, N
egaprion acutidens, Sphyrna lew

ini, and H
em

ipristis elongata), reef sharks (C
. albim

arginatus, C
. am

blyrhynchos, and C
. 

m
elanopterus) and low

er trophic position (N
ebrius ferrugineus, Stegostom

a fasciatum
, Triaenodon obesus, H

em
itriakis falcata, and 

Atelom
ycterus fasciatus). TP = Trophic Position. Sym

bols in legend show
 fished and unfished reefs. N

ote that although A
shm

ore R
eef had 

protected status in 2004, it w
as fished illegally until enforcem

ent of regulations in 2008 (See Field et al. 2009). 
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                Figure A

.1. A
 screen shot of the softw

are EventM
easure (seagis.com

.au), show
ing Interest R

ectangle (red horizontal lines) and tw
o grey reef 

sharks recorded w
ithin it in a video from

 A
shm

ore R
eef in 2016. The Interest R

ectangle size w
as adjusted so that it m

atched the field of view
 

(FO
V

) from
 the videos collected in 2004, w

hich w
as a 24%

 reduced horizontal FO
V

 and identical vertical FO
V

. A
ll videos in 2016 w

here grey 
reef sharks w

ere recorded w
ere reanalysed using this reduced FO

V
 and w

ere found to have an identical num
ber of sharks recorded. 



26 
  Figure A

.2. D
eploym

ents of B
aited R

em
ote U

nderw
ater V

ideo Stations (B
R

U
V

S) at R
eefs in N

orth W
estern A

ustralia in 2016. A
) Scott R

eef 
(N

orth n=48 &
 South n=49), B

) Im
perieuse R

eef (18) – R
ow

ley Shoals, and C
) C

lerke R
eef (n=39) – R

ow
ley Shoals.
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Figure A
.3.V

ariance partitioning of explanatory variables for the saturated M
odel (Poisson G

LM
) on response variable of C

. am
blyrhynchos 

M
axN

 per deploym
ent. 
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Figure A
.4. M

ean relative abundance per hour of C
. am

blyrhynchos based on M
axN

 values obtained from
 B

aited R
em

ote U
nderw

ater V
ideo 

Stations (B
R

U
V

S) surveys conducted at A
shm

ore R
eef in 2004 and at A

shm
ore R

eef, R
ow

ley Shoals, and Scott R
eefs in 2016. Sym

bols above 
bars represent fished or protected status.  
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Figure A
.5. A

pprehensions of illegal fishing vessels in northern A
ustralian w

aters by A
ustralian B

order Force (A
B

F) and A
ustralian Fisheries 

M
anagem

ent A
uthority (A

FM
A

). Fitted line represents a G
eneral A

dditive M
odel (year ~ num

ber of boats) w
ith 95%

 confidence lim
its. The 

data presented here are from
 A

FM
A

 reports (A
FM

A
 2013, 2014, 2015, 2016) and M

arshall (2011).
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Figure A.6. A) Mean time to arrival (± Se) of first C. amblyrhynchos seen on BRUVS B) 
Mean time to MaxN (± Se) on BRUVS. Mean time to MaxN was quicker in 2004 (24.2 ± 5.8 
SE) compared to 2016 (38.0 ± 3.0 SE), although this was a non-significant relationship (t = -
2.10, df = 9.62, p-value = 0.06). Similarly, the mean time to arrival in 2004 (16.6 min ± 3.8 
Se) was faster than in 2016 (24.3 ± 3.0 Se), although this was also a non-significant 
relationship (t = -1.58, df = 14.47, p-value = 0.13). 
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Figure A
.7. Trophic com

position of shark assem
blages on the G

reat B
arrier R

eef in areas closed to fishing. D
ata are the proportion of sharks 

recorded on B
R

U
V

S in areas of < 1km
 from

 reefs categorised as higher trophic position species (G
aleocerdo cuvier, Sphyrna spp, and 

H
em

ipristis elongata), reef sharks (C
archarhinus albim

arginatus, C
. am

blyrhynchos, and C
. m

elanopterus) and low
er trophic position species 

(N
ebrius ferrugineus, Triaenodon obesus). G

roupings based on H
am

m
erschlag et al. (U

nder R
eview

). TP = Trophic Position. D
ata from

 
Espinoza et al. (2014).  


