Reef accessibility impairs the protection of sharks
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Abstract

1. Reef sharks are declining worldwide under ever increasing fishing pressure with potential
consequences on ecosystem functioning. Marine protected areas (MPAs) are currently one of the
management tools to counteract the pervasive impacts of fishing. However, MPAs in which reef
sharks are abundant are often located in remote and underexploited areas preventing a fair
assessment of management effectiveness beyond remoteness from human activities.

2. Here we determine the conditions under which MPAs can effectively protect sharks along a wide
gradient of reef accessibility, from the vicinity of a regional capital towards remote areas, using 385
records from Baited Remote Underwater Video Systems (BRUVS) and 2790 Underwater Visual
Censuses (UVC) performed in areas open to fishing and inside 15 MPAs across New Caledonia (south-
western Pacific).

3. We show that even one of the world’s oldest (43 years), large (172 km?) and most restrictive (no-
entry) MPA (Merlet reserve) on coral reefs has between 17.3 % and 45.3% fewer shark species and
between 37.2 % and 79.8 % fewer shark abundance than remote areas in a context where sharks are
not historically exploited.

4. On coral reefs situated at less than 1 hour of travel time from humans, shark populations are so
severely depleted (less than 0.05 individuals per 1000 m?) that their functional roles may be

considered as ecologically extinct.



5. Synthesis and applications. Remote areas are thus the last sanctuaries for reef sharks and
provide a new baseline to evaluate human impacts with no equivalency as one gets closer to human
activities even in large, old and strongly restrictive MPAs. As such they deserve strong protection
efforts. The large and no-entry MPAs provide limited benefits for reef shark populations but provide
realistic conservation targets close to humans. The exclusion of human activities on a sufficiently

large area is key to protect reef shark populations.

Keywords: Baited Remote Underwater Video System (BRUVS), Baseline, Elasmobranch, Human

proximity, Marine protected area, Pristine coral reef, Underwater Visual Census (UVC)

Introduction

Reef sharks are ‘flagship’ species that facilitate the raising of awareness, funding for conservation and
socioeconomic benefits through tourism (Brunnschweiler & Ward-Paige 2014, Cisneros-Montemayor et
al. 2013) and play unique ecological roles in coastal ecosystems (Roff et al. 2016). Under the rise of
fishing, reef shark populations have been severely depleted worldwide (Rizzari et a/ 2014a, Nadon et al.
2012, Graham et al. 2010). Extinction risk for sharks is higher than for most other marine vertebrates
since they cumulate two features putting them at double jeopardy of extinction: their intrinsic sensitivity
to overexploitation due to their large body size and other life history traits (e.g. slow growth rate, long
gestation and small litter size) and their exposure to fishing due to international trade of highly priced
dried fins (McClenachan et al. 2016, Dulvy et al. 2014, Robbins et al. 2006). However, management
actions for reef sharks are limited with no international or bilateral harvest limits and few reliable data.
As a consequence, 9 of the 29 reef shark species are designated as data deficient in the IUCN Red List
while three-fourths of reef sharks had unknown population trends at the time of their assessment (Dulvy

et al. 2014, Field et al. 2009).



Marine Protected Areas (MPAs) are recognized as management tools that can potentially reduce the
decline of reef shark populations (Espinoza et al. 2014, McCook et al. 2011, Robbins et al. 2006) but such
assessments usually come from large MPAs located in remote areas (e.g. Chagos, Hawaii Islands or some
parts of the Great Barrier Reef) where human activities are de facto restricted (Maire et al. 2016,
Devillers et al. 2014). If we focus on small (<100 km?), young or weakly enforced (e.g. partial fishery
closure) MPAs, the protection of reef sharks appears ineffective (Edgar et al. 2014, Ward-Paige et al.
2010). The conservation effectiveness of old, large and strongly enforced no-entry MPAs in a human-
dominated seascape still need additional information for reef sharks. In fact, this effectiveness
assessment requires comparisons with both nearby exploited areas and remote areas that can serve as

extreme benchmarks along a continuum (Edgar et al. 2014, Dagata et al. 2016).

Here we tested the extent to which and under which conditions MPAs can counteract human impacts to
sustain the same species richness and abundance of reef sharks as in remote areas. We used an
extensive survey of reef sharks in New Caledonia (South-Western Pacific) comprising 385 samples from
Baited Remote Underwater Video Systems (BRUVS) and 2790 Underwater Visual Censuses (UVC)
performed inside and outside 15 MPAs (Fig. 1, Table 1) along a gradient of isolation from accessible
areas, close to the regional capital (Nouméa), towards remote areas located at more than 25 hours of
travel time from Nouméa (Fig. 1A). New Caledonia is the archetypal situation where the protection of
sharks should be effective, even close to human activities, since (/) commercial and recreational shark
fishing is historically absent and has been banned since 2013 in the exclusive economic zone, and (ii)
some MPAs apply severe restrictions on human activities, one of these (Merlet reserve) being one of the
world’s oldest (43 years) and largest (172 km?) no-entry MPA on coral reefs. Our ultimate goal is thus to
compare, while controlling for environmental factors, the species richness and abundance of sharks in
the Merlet MPA to those found in accessible and in remote areas open to fishing, in smaller and less

protected MPAs and in a remote no-entry MPA.



Materials and Methods

Study site

New Caledonia is an archipelago composed of a 400 km long main island ("Grande Terre") and a series of
smaller islands (Fig. 1A). Coral reefs cover 4,537 km? in New Caledonia and include one of the largest
barrier reefs in the world (1,600 km long). Its extent and its location near the Coral Triangle (marine area
extending from Malaysia to Solomon Islands) make New Caledonia a rich location for reef sharks (Chen &
Kishino 2015). Human population density is spatially distributed along a marked gradient from Noumea
in the south-west, which hosts two-thirds of the total population (268,767 inhabitants in 2014), towards
sparsely populated northern and eastern parts of the main island. Different management restrictions are

applied in 15 MPAs around New Caledonia (Table 1).

Baited remote underwater videos

Baited Remote Underwater Videos Systems (BRUVS) were deployed by day on coral reefs at a mean
depth of 15.9 m (+ 9.7 m SD, range=3-48 m) from September 2012 to October 2014 (Fig. 1B). BRUVS
consist of a stereo-video system recording for 1 h with 1 kg of crushed pilchards (Sardinops sagax) placed
in a wire-meshed bag and suspended approximately 1.5 m in front of the cameras (Fig. 2, Cappo et al.
2006). High definition videos were analyzed using the EventMeasure software

(http://www.seagis.com.au/event.html). Species richness was estimated using the number of shark

species seen on the video and abundance was estimated using MaxN, the maximum number of

individuals of the same species observed on any single image of the video (Cappo et al. 2006).


http://www.seagis.com.au/event.html

Underwater visual censuses

Distance sampling Underwater Visual Censuses (UVC) (Labrosse et al. 2002) were performed on reefs at
1 to 15 m depth from July 1986 to September 2014 (Fig. 1B). These surveys consist of recording the
species name, abundance, fork length and distance to transect line of fishes located on each side of a 50
m long transect surveyed by divers. When performed by two divers, each census took between 20 and
80 minutes. This method is based on the probability to record species as a function of distance from
divers (Kulbicki & Sarramegna 1999). As 90% of shark observations were at distances <10 m from the
transect line, raw distance-sampling datasets have been truncated at a distance of 10 m. Shark
abundance and species richness were estimated in 1000 m? equivalent belt transects (50m long x 10 m

wide x 2 sides). Transects with water visibility <10m were removed from the analyses.

Explanatory variables

Three key environmental variables (sea surface temperature, coral reef habitat type and coral reef
surface area) and three human related variables (management, accessibility from the market and human
population density), all known to be the primary predictors of change in coral reef ecosystems (Cinner et
al. 2016, Maire et al. 2016, Williams et al. 2015, Espinoza et al. 2014), were considered to model the

species richness and abundance of reef sharks.

Mean Sea Surface Temperature (SST) over the last 10 years (http://podaac.jpl.nasa.gov/) was used. Coral

reef habitat type, which includes distance to the shoreline and depth, was coded as a categorical variable
(fringing reef, lagoon reef, back reef, outer reef). Reef surface area was quantified in a 20-km buffer
around each survey using the 2d coverage on a 30 m? resolution coral reef map. Sea surface
temperature, habitat type and reef surface area can influence the abundance and diversity of fishes in

this region including the density of shark preys (Dagata et al. 2016).


http://podaac.jpl.nasa.gov/

Three variables related to human impacts were considered: human density, reef accessibility to humans
and management. Human population density was calculated based on the sum of human populationin a
25-km buffer centered at the nearest landing point from the census divided by reef area within a 20-km
buffer around the census. The 25-km buffer encompasses the land between the shoreline and the
mountain chain that separates the two coasts of the main island. As UVC surveys covered a period of 28
years, demographic data from 4 different population censuses were used in the calculation of human

density (1989, 1996, 2004 and 2009, www.isee.nc).

The level of human impact on a given reef is also related to its accessibility from the regional capital or
domestic markets (Cinner et al. 2016, Maire et al. 2016, Brewer et al. 2013, Cinner et al. 2009). We thus
assumed that sharks living on coral reefs with a long travel time from Nouméa will be less impacted than

those on easily accessible reefs.

Accessibility from human population was estimated using the travel time from the capital city, which
accounts for two-thirds of the territory's population, to reach each surveyed reef according to the
method developed in Maire et al. (2016). This travel time was calculated based on the sum of the
duration of each segment included in the travel. We used different mean speeds to describe the
segments taking into account the environment: in the open ocean (10 knots, 18.5 km/h) and in the
lagoon (15 knots, 27.8 km/h), and on roads (75 km/h). We calculated accessibility as the inverse of

isolation (eq.1).

Accessibility = (1)

_r
X(di/v)+1

Where d; is the length of a single segment and v; the speed used on it. Accessibility ranges between 0 and

1. For instance, an accessibility of 0 h™X means that the census is at an infinite distance from the capital


http://www.isee.nc/

city, so the less accessible reef. Conversely, an accessibility of 1 h™X means that the census is located in

the capital city, so the most accessible reef.

To test whether management measures can protect shark populations along the gradient of accessibility
we took advantage of 15 MPAs established in New Caledonia that vary in terms of age, size, restriction
and travel time from Nouméa to embrace a wide range of conditions (Table 1). The MPA features were
unbalanced and did not allow testing them separately. We thus included the management in the model
using 4 categories along a gradient of restriction : open (no restriction), small no-take (<30 km?), large
no-take (>125 km?) and large no -entry. This categorization split the no-take MPAs while accounting for

their size.

We then used two benchmarks, the two extremes of the gradient, to evaluate protection effectiveness.
First, remote areas (>25 hours of travel time) and a remote large no-entry MPA (Beautemps-Beaupré,
125 km?, =17 hours of travel time), where human influence is thought to be the lowest (Maire et al.
2016), provide the upper baseline or a conservation target. Second, open areas easily accessible from
Noumeéa (<2 hours of travel time) provide the other extreme of the gradient with a high level of human
pressure. This created 6 composite categories along a gradient and shows which features produce which
benefits for shark abundance and richness (Fig. 5). For instance, the difference between the accessible
large no-take MPA (Aboré reserve ) and the accessible large no-entry MPA (Merlet reserve) shows the

benefit of the no-entry restriction.

Boosted regression tree models

Boosted Regression Trees (BRT) were used to model shark species richness and abundance. This method
can cope with non-linear relationships and interactions between variables (Elith et al. 2008). A 10-fold
cross validation of the model was performed and the cross validation correlation index was used to

evaluate the model accuracy. Models were built using Poisson distributions. A range of parameters were



used to maximize cross validation results (Table 2). The contribution of explanatory variables is function
of the number of times they are selected in the weak classifiers during model construction. By
accounting for the influence of a range of co-variables, BRT can detect marginal effects of explanatory

variables (Elith et al. 2008).

Permutational pairwise tests (999 permutations) were used to compare categories of areas depending
on their level of protection and their isolation from the capital city and accounting for other factors using

BRT (Table S1). A Bonferroni correction was used to adjust p-values across the multiple tests.

All analyses were performed using R statistical software including the libraries RVAideMemoire, dismo
and gbm for permutational pairwise tests and BRT respectively (R Core team 2012, Hervé 2014, Hijmans

et al. 2013, Ridgeway 2007).

Results

Distribution of shark species richness and abundance

A total of 1364 sharks from 9 species and 4 families were recorded (Table 3) in 209 videos out of 385
(54% occurrence) and in 421 visual censuses out of 2790 (15% occurrence). Grey reef sharks
(Carcharhinus amblyrhynchos) and whitetip reef sharks (Triaenodon obesus) were the most frequent
species observed in both BRUVS (39% and 26% of videos respectively) and UVC (6% and 12% of censuses
respectively) (Table 3, Fig. S1). Mean shark richness was 1.4 (+ 0.6 SD) and 1.2 (+ 0.4 SD) species in
BRUVS and UVC, respectively. Mean shark abundance was 1.5 (+ 2.2 SD) and 0.3 (+ 1.0 SD) individuals in
BRUVS and UVC, respectively. Both species richness and abundance were on average higher in remote
areas than in no-take MPAs and no-entry MPAs. For instance, a mean shark abundance of 2.9 (+ 2.6 SD)

individuals per BRUVS was recorded in remote areas while 2.6 (+ 2.9 SD) was observed in no-entry MPAs



and 0.6 (+ 0.8 SD) in no-take MPAs. Observations with the highest shark abundance (8-14 individuals)

were all found in areas isolated from the mainland and from the regional capital, Nouméa (Fig. 1B).

Predictors of shark species richness and abundance

Using six explanatory variables, boosted regression tree (BRT) models explained between 54 % and 66 %
of the variance across observations for, respectively, species richness and abundance of sharks (Table 2).
The contribution of these explanatory variables (Fig. 3) revealed that reef accessibility, estimated by the
inverse of the travel time from the capital city, was consistently by far the primary predictor (between 39
and 61 % of total contribution) of shark species richness and abundance in both BRUVS and UVCs.
Human density was a secondary predictor with a contribution ranging between 11 and 12 % while
management only accounted for between 0.6 and 13 % of relative importance. Sea Surface Temperature
(SST) and reef surface area around the census were other secondary predictors with a contribution
ranging between 9 - 14 % and 8.6 - 26 %, respectively. Reef habitat type had a contribution ranging

between 5.2 - 11.9% (Fig. S2).

The marginal effect of reef accessibility obtained with fitted values from the BRT model shows that both
species richness and abundance of sharks decreased with increasing accessibility from the capital city
(Fig. 4). Relative to remote areas (travel time >25 h, accessibility <0.04 h?), we predicted a decrease of
53.9 % in shark species and 80.2 % in shark individuals in areas located less than 1 hour of travel time
(accessibility <0.5 h?) from the capital city using BRUVS. This reduction was even more pronounced in
UVCs with a decrease of 94.5 % in species richness and a decrease of 97 % in abundance using the same

comparison (Fig. 4).

Protection effectiveness of sharks



Pairwise permutation tests show that the six categories of management led to significantly different
levels of shark species richness and number of individuals (p<0.05) while controlling for other variables
(Fig. 5). With BRUVS, shark richness and abundance were significantly higher in remote areas and in the
remote no-entry MPA than in accessible open areas and in any MPA near humans even in the largest,
oldest, and no-entry Merlet MPA. The highest average value (1.4 species and 4.4 individuals) was
detected in the remote no-entry Beautemps-Beaupré MPA using BRUVS. Small no-take MPAs had levels
of shark species richness and abundance as low as in accessible open areas. Even more marked
differences between remote areas and all other management categories were predicted using UVC. For
instance, the accessible large no-entry Merlet MPA had 45.3 % fewer shark species and 79.8 % fewer
individuals than remote areas using UVC while BRUVS revealed 17.3 % fewer shark species and 37.2 %

fewer shark individuals for the same comparison.

Discussion

By modeling the species richness and abundance of reef sharks using multiple explanatory variables we
show that human activities are primarily responsible for shark depletion, even in the absence of direct
fishing (shark fishing was historically absent and formerly banned in 2013 in the exclusive economic zone
of New-Caledonia). We thus demonstrate that MPAs have a limited net benefit for sharks beyond the
remoteness from human activities. Indeed, one of the world’s oldest (43 years), most restrictive (no-
entry) and largest MPA (172 km?) on coral reefs cannot support the reference levels of shark richness

and abundance since easily accessible from the capital city (less than 2 hours of travel time).

Our study demonstrates that remote areas support unique ecological roles and processes. As
accessibility to humans increases, these ecological values are eroded, even in large and well-managed
MPAs with key conservation features (Edgar et al. 2014). Remote areas may therefore act as the last

sanctuaries and sources for highly vulnerable species like sharks. With less than 0.48 individual and 0.53



species per hour of BRUVS and less than 0.05 individual and 0.05 species per 1000 m? using UVC, we can
consider that shark functional roles are almost extinct at less than 1 h from humans, regardless of the
management or conservation efforts, with potential consequences for coral reef health (Roff et al. 2016).
In addition to top-down control, sharks are very likely to exert a wide range of functions that remain to
be quantified (Roff et al. 2016). For example, sharks may be involved in nutrient cycling (Schmitz et al.
2010), nutrient transport between different areas and habitats (Heupel & Simpfendorfer 2015,
Papastamatiou et al. 2015, McCauley et al. 2012), scavenging (Wilson & Wolkovitch 2010, Dudley et al.
2000), invasive species removal (Wallach et al. 2015), diseased and weak individual removal

(Chakraborty et al. 2015) as well as food web stability (Wallach et al. 2015).

The observed contrasts between remote areas and exploited areas or MPAs are probably very
conservative due to major conservation efforts in New-Caledonia (no-entry and old MPAs, no shark
fishing). We would thus expect this gradient to be more pronounced in the developing world where
MPAs are typically younger and less enforced (Marinesque et al. 2012) and where fishing pressure is
higher (Teh et al. 2013). Shark fishing is historically absent in New Caledonia with almost no reported
commercial catch in the last 14 years and recreational shark fishing considered unlikely (Table S2, Gardes
et al. 2014). Our independent observations using BRUVS and UVC, combined with trends in fishery catch
reports, thus present multiple lines of evidence for a dramatic human footprint on shark species richness
and abundance (90% lower) arising from factors other than fishing. This suggests that alternative factors
to direct extraction are at play unless chronic shark fishing, that cannot be discounted, can explain such a
decline over decades. For instance, fishing shark preys and human disturbance can impact shark fitness,
richness and abundance (Bejder et al. 2006, Williams et al. 2006). The increase of the number of
recreational users in no-take areas within the south-west lagoon in the past ten years supports the

human disturbance hypothesis (Gonson et al. 2016).



Unlike no-entry MPAs, no-take MPAs show little to no benefit for reef sharks even if large and well
enforced. It supports the idea that human activities generate deleterious effects beyond direct fishing so
the exclusion of human presence is key to protect reef shark populations. The large, no-entry and old
Merlet MPA offers significant benefits to reef sharks but cannot support levels observed remote areas
due to its proximity to humans. Trying to restore shark populations to their ‘pristine’ state close to
humans appears unrealistic and would meet opposition from lagoon users. Instead, setting realistic
conservation targets, given a degree of accessibility from humans, for the conservation of reef shark
populations seems more relevant for managers. Well enforced, large and no-entry MPAs like Merlet
provide a conservation target close to humans. However, establishing such restrictive MPAs in a human-
dominated seascape remains challenging particularly in developing countries where few alternatives
exist for food security (Barange et al. 2014). In countries less dependent on coastal fisheries, agreements

between policy makers, tourism professionals and fishermen are necessary preliminary steps.

Remote areas provide absolute targets often inapplicable close to humans and have an irreplaceable role
in the protection of reef sharks as they host the largest populations. We do not dismiss the merit of
MPAs in proximity to humans, with respect to the specific purpose of sustaining high diversity, density
and biomass of key groups like herbivorous fish (MacNeil et al. 2015), or maintaining ecosystem
resilience in general (Duffy et al. 2016, Emslie et al. 2015, Micheli et al. 2012). However, MPAs should
not be assumed to provide absolute references for all aspects of biodiversity or ecosystem, particularly
when easily accessible to humans. Our results also suggest that placing conservation efforts in remote
areas can be valuable for preserving vulnerable species. At the time of intense debates about the
usefulness of remote or ‘residual’ MPAs (DeVillers et al. 2014, Jones & De Santo 2016) within the context
of reaching conservation targets of the Convention on Biological Diversity (CBD), we show the unique

role that such MPAs may play particularly for mobile megafauna. At the same time, small and



metropolitan MPAs must concentrate most of conservation efforts on coral reefs since a majority of

them (58%) are within 30 minutes travel time of the nearest human settlement (Maire et al. 2016).

The sea surface temperature has a non negligible contribution in the models but the mechanism through
which it directly affects shark physiology or indirectly via trophic relations remain unclear (Jennings et al.
2008, Brown et al. 2004, Ernest et al. 2003). . The type of coral reef habitat and its surface have
contributions ranging between 5 and 26%. Reef type and area are known as important predictors of reef
shark diversity (Espinoza et al. 2014, Rizzari et al. 2014b). Additionally, reef type and area are major
determinants of reef fish diversity (Grimaud & Kulbicki 1998, Parravicini et al. 2013). Given the strong
relationship between fish species richness and fish biomass (Mora et al. 2011, Duffy et al. 2016), we

hypothesize that reef sharks should find more prey biomass on larger reefs.

The discrepancy between results obtained with the two methods (BRUVS and UVC), with BRUVS
recording more species and individuals, may be explained by the ability of the bait to attract elusive
individuals that may often be unnoticed by divers. UVC-only surveys thus arguably lack sensitivity to
detect certain effects of MPAs in protecting reef sharks. The use of baited videos may reveal hidden
levels of diversity and abundance for apex and mobile predators. More precisely, our BRUVS
observations clearly highlight the benefit provided by MPAs under three conditions: isolated from
humans (i.e. hardly accessible) with key features such as being large and no-entry. In small no-take MPAs
the abundance of sharks is so low (mean + SD= 0.4 £ 0.1 individual per BRUVS) that conservation benefits
are limited, consistent with observations from the highly-impacted environment of the Caribbean (Ward-

Paige et al. 2010).

Conclusion

As human population will rise in the near future, particularly along the coast of developing countries, we

would expect that very few reefs will remain remote and small metropolitan MPAs will experience even



more human pressure(Burke et al. 2011). This additional human pressure for food and jobs will impact
the most vulnerable ecosystems and species, regardless conservation efforts. Within the context of
difficulties to create no-entry or even no-take MPAs near human activities (Watson et al. 2015,
McClanahan et al. 2012), locating future highly restrictive MPAs in remote areas to reduce opposition
from stakeholders and reach the target outlined in the Convention on Biological Diversity established in
Nagoya in 2010 (10% of sea coverage by MPAs by 2020) can appear as a sensible strategy. However,

|II

conservation benefits from such “residual” MPAs can be questionable particularly for fisheries and
associated with high enforcement costs (Devillers et al. 2014, Singleton & Roberts 2014). Our results
show that remote areas can offer the last refuges for depleted megafauna and absolute reference
conditions to evaluate management options under anthropogenic pressures. Additionally, remote areas
can become emblematic places for promoting marine conservation through the media given their unique
species assemblages but urgently require additional protection (White et al. 2017, Watson et al. 2016,
Singleton & Roberts 2014). We thus encourage policy makers to place the most isolated areas, which
host unique and abundant marine life, under protection status at minimal conflicts. By contrast, no-take
MPAs near humans are unlikely to host high diversity and abundance of sharks and should not be
promoted to protect such mobile predators and should focus on other realistic targets instead. They can,
for instance, be very effective in sustaining high biomass of key groups like herbivores (MacNeil et al.

2015), seeding adjacent exploited areas (Hopf et al. 2016) or providing recreational and educational

benefits (Rees et al. 2015).
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Fig. 1. Survey sites showing (A) location of marine protected areas and (B) species richness and
abundance of sharks using Baited Remote Underwater Video Systems (BRUVS) and Underwater Visual
Censuses (UVC). (A) The no-take MPA boundaries are in blue, the no-entry MPA boundaries are in red,
remote areas are surrounded with dash lines and a yellow star symbolizes the capital city, Nouméa. The
Kuendu MPA (22°15'35"E; 166°23'11"S) is too small to be symbolized on the map. See Table 1 for the full

list of MPAs and their characteristics.



Fig. 2. Baited Remote Underwater Video (BRUVS) device (A) and a grey reef shark (Carcharhinus

amblyrhynchos) spotted by the camera (B).
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Fig. 3. Summary of the relative contributions (%) of the five predictors used in Boosted Regression
Trees (BRT) explaining species richness and abundance of sharks using Baited Remote Underwater
Video Systems (BRUVS) and Underwater Visual Censuses (UVC). Accessibility: inverse of the travel time
from the capital city and its market; Human density: Nearest human population density; Management:
categories of management; Reef surface: reef surface surrounding the census; SST: Sea Surface
Temperature; Habitat type: type of reef; cv: Cross Validation correlation used to evaluate the explained
variance and thus the performance of the models. Human related variables are in red while

environmental variables are in blue. The statistics of the models are provided in Table 2.
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Fig. 4. Species richness and abundance of sharks as a function of the reef accessibility accounting for

other factors using BRT models. Each dot represents one census.
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categories represent a gradient of accessibility from accessible areas (<2 h of travel time, red) to remote
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and of size from small to large MPAs (See Table 1). Different letters indicate significant differences at p-

o a

m_|_ b

2 Lo
Sk
] .
EEs
o €
E_

= ] a

© T
v-—|_-

o
(BT .
g- T T T

B B SR -
& &y ey
I g & o
6@@(@(%{*%@:*
& & L&
Q'm’”m‘?g*@@@
2 2 & P
D-{I),:,}

S & & K2

@ ot o
q-'cyc_- T
-qu

value <5% using permutational pairwise tests with 999 permutations.

uve M
P a
o] T
- i b
- :
- T .
o J_*! .
D . -
L
+
o — ey
a
2 == Open
= No-take
= z == Mo-entry
—
©
-
b
o c d
¥ S S L e F
g & EFEFF e
o d d a &ij o
4:“;“3 < < EF = 5
6\ 2] & n o &'
g £ & & & °
& ¢ @ T o e
£ 5 (gp
o ot & &
& ggp Loy Cy
& @r C?? o
& & O ke
o ‘T




Table 1. Summary of Marine Protected Areas (MPAs) features sampled with Baited Remote
Underwater Video Systems (BRUVS) and Underwater Visual Censuses (UVC) in New Caledonia. No-
entry MPAs prohibit all human activities including the entrance of ships while no-take MPA allow non-

extractive activities.

Marine protected Location  Status Surface Creation Travel time Survey method
areas (km?)  year range (h)

Dohimen Hienghéne No-take 3.7 2010 4.49-5.74 uvc

Yeega Hienghéne No-take 6.6 2010 4.49 -5.74 uvc

Ténia islet La Foa No-take 10 1998 1.32-1.77 BRUVS
Ouano La Foa No-take 29.8 2004 1.87-1.91 BRUVS
Aboré reef Nouméa No-take 150 1981-96 0.66-1.80 BRUVS, UVC
Larégnere islet Nouméa No-take 6.7 1989 0.41-0.47 BRUVS, UVC
Bailly islet Nouméa No-take 2.2 1989 0.36-0.38 uvc

Canard islet, Nouméa No-take 1.9 1989 0.06-0.06 uvc
Ricaudy reef

Maitre islet Nouméa No-take 6.3 1981 0.19-0.26 )Y/

Signal islet Nouméa No-take 2.5 1989 0.23-0.48 )V/e
Kuendu Nouméa No-take 0.4 1998 0.30-0.81 )Y/
Hyabé-Le Jao Pouébo No-take 13.3 2010 5.43 -5.63 BRUVS, UVC
Prony (2 sites) Prony Bay No-take 1.5 1993 1.26-1.34 BRUVS, UVC
(Yves) Merlet Yaté No-entry 172 1970 1.61-3.26 BRUVS, UVC
Beautemps near No-entry 125 Unknown 16.68 - 18.74 BRUVS, UVC

Beaupré Ouvéa




Table 2. Summary of settings and output for Boosted Regression Trees models (BRT) . The tree

complexity represents the number of nodes in the regression trees, the learning rate represents the

contribution of each tree generated and the bag fraction is the seed for stochastic process. The Cross

Validation correlation (cv) was used to evaluate the explained variance and thus the performance of the

models.

Method Response Learning Tree Bag Number Meantotal Meanres. Estimatedcv  cv (tSE)
variable rate complexity fraction oftrees dev. dev. dev.(* SE)

BRUV Sp. richness ~ 0.002 2 0.5 4200 0.69 0.37 0.48 +0.04 0.55+0.04
Abundance 0.002 4 0.5 2300 2.72 1.14 1.49 £0.07 0.65+0.03

uvc Sp. richness  0.001 2 0.5 3150 0.20 0.12 0.14 +0.01 0.54 +0.03
Abundance 0.003 5 0.5 3750 1.23 0.55 0.67 +0.03 0.66 +0.05




Table 3. Summary of shark species occurrence and abundance using Baited Remote Video Systems

(BRUVS) and Underwater Visual Censuses (UVC).

Relative

Family Species Occurrence (%) Abundance (mean t SD) abundance (%)
BRUVS UVC BRUVS uvc BRUVS UVC
Carcharhinidae Carcharhinus albimarginatus 1.30 0.39 0.02+0.14 0.003 +0.06 1.03 1.15
Carcharhinus amblyrhynchos 38.70 5.95 1.05+1.88 0.13+0.75 69.24  45.72
Carcharhinus melanopterus 5.71 1.58 0.06 £0.26 0.013+0.11 4.12 4.60
Carcharhinus sp. 0.52 0 0.003+0.05 O 0.17 0
Galeocerdo cuvier 1.82 0 0.02+0.13 0 1.20 0
Negaprion acutidens 1.03 0.11 0.01+0.10 0.001 +£0.03 0.69 0.26
Triaenodon obesus 25.97 11.75 0.32+0.59 0.13+0.42 21.31 46.36
Ginglymostomatidae  Nebrius ferrugineus 1.56 0.35 0.02 £0.12 0.004 +0.07 1.03 1.40
Sphyrnidae Sphyrna lewini 0.78 0.04 0.01+0.09 0.0003 £ 0.02 0.52 0.13
Stegostomatidae Stegostoma fasciatum 1.04 0.18 0.01+0.10 0.001 +£0.03 0.69 0.38
All species 54.29 15.09 1.51+2.19 0.33+1.08 - -




