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Introduction

Biodiversity in coastal zones provides highly valuable ecosystems and at times vital services to communities worldwide [START_REF] Barbier | The value of estuarine and coastal ecosystem services[END_REF][START_REF] De Groot | Global estimates of the value of ecosystems and their services in monetary units[END_REF]. With about 40% of the world's population living near the coast (CIESIN, 2012), human activities on both land and water exacerbate pressures on coastal ecosystems [START_REF] He | Climate Change, Human Impacts, and Coastal Ecosystems in the Anthropocene[END_REF]. Overfishing, pollution, and other human activities have already seriously depleted highly productive coastal ecosystems such as salt marshes [START_REF] Deegan | Coastal eutrophication as a driver of salt marsh loss[END_REF], seagrass meadows [START_REF] Waycott | Accelerating loss of seagrasses across the globe threatens coastal ecosystems[END_REF], mangroves [START_REF] Polidoro | The loss of species: Mangrove extinction risk and geographic areas of global concern[END_REF] and coral reefs [START_REF] Pandolfi | Global trajectories of the long-term decline of coral reef ecosystems[END_REF], to a point that goods, services and cultural benefits provided in these areas are critically endangered [START_REF] Barbier | Marine ecosystem services[END_REF][START_REF] Cardinale | Biodiversity loss and its impact on humanity[END_REF]. Moreover, human activities and their associated pressures are often overlapping in space and time, creating hotspots of cumulative impact with no trends of decrease [START_REF] Halpern | Recent pace of change in human impact on the world's ocean[END_REF].

In this context, specific interventions for conserving biodiversity are a cornerstone of ecosystem services protection [START_REF] Duarte | Rebuilding marine life[END_REF]. Integrating a wide range of environmental, ecological and human factors, Ecosystem-Based Management (EBM) has emerged as a holistic and consensual approach to secure ecosystems' capacity to provide ecosystem services against local as well as distant human pressures [START_REF] Enright | The Ecosystem Approach in International Marine Environmental Law and Governance[END_REF][START_REF] Long | Key principles of marine ecosystem-based management[END_REF][START_REF] Mcleod | Scientific Consensus Statement on Marine Ecosystem-Based Management (Communication Partnership for Science and the Sea)[END_REF]. Local management is key to both reducing exposure to local threats and improving resilience to global change [START_REF] Harvey | Ecosystem-based management of coral reefs under climate change[END_REF][START_REF] Lefcheck | Long-term nutrient reductions lead to the unprecedented recovery of a temperate coastal region[END_REF][START_REF] Macneil | Water quality mediates resilience on the Great Barrier Reef[END_REF][START_REF] O'leary | The resilience of marine ecosystems to climatic disturbances[END_REF][START_REF] Roberts | Marine reserves canmitigate and promote adaptation to climate change[END_REF][START_REF] Shaver | Local management actions can increase coral resilience to thermally-induced bleaching[END_REF]I. D. Williams et al., 2019;[START_REF] Wu | Timing anthropogenic stressors to mitigate their impact on marine ecosystem resilience[END_REF]. Local management is also essential to define tangible targets and empower local stakeholders.

In an EBM perspective, cumulative impact assessments can help practitioners set management priorities by weighing ecosystems' vulnerability against exposure to different human activities in a spatially explicit way [START_REF] Kappel | Eliciting expert knowledge of ecosystem vulnerability to human stressors to support comprehensive ocean management[END_REF]. Cumulative impact assessments remain one of the few comprehensive tools that allow quantifying how humans are affecting natural systems, and how actions targeting specific stressors may be expected to alter the overall impacts (Halpern et al., 2008a). While traditionally used in the marine environment to inform management and policy decisions on the global [START_REF] Halpern | Recent pace of change in human impact on the world's ocean[END_REF][START_REF] Halpern | Spatial and temporal changes in cumulative human impacts on the world's ocean[END_REF](Halpern et al., , 2008b) ) and regional scales [START_REF] Ban | Cumulative impact mapping: Advances, relevance and limitations to marine management and conservation, using Canada's Pacific waters as a case study[END_REF][START_REF] Bevilacqua | A regional assessment of cumulative impact mapping on Mediterranean coralligenous Outcrops[END_REF][START_REF] Murray | Advancing marine cumulative effects mapping: An update in Canada's Pacific waters[END_REF][START_REF] Gissi | Addressing uncertainty in modelling cumulative impacts within maritime spatial planning in the Adriatic and Ionian region[END_REF][START_REF] Halpern | Mapping cumulative human impacts to California Current marine ecosystems[END_REF][START_REF] Korpinen | Human pressures and their potential impact on the Baltic Sea ecosystem[END_REF][START_REF] Micheli | Cumulative human impacts on Mediterranean and Black Sea marine ecosystems: Assessing current pressures and opportunities[END_REF], key challenges remain to apply the cumulative impact framework on the local scale. These include the availability of fine-scale resolution data on human activities and associated pressures, especially in a land-sea continuum perspective [START_REF] Clark | Validation and limitations of a cumulative impact model for an estuary[END_REF], the outputs' representation in a comprehensive way for local planners and managers [START_REF] Lombard | Practical approaches and advances in spatial tools to achieve multi-objective marine spatial planning[END_REF], and the integration of the inherent uncertainty into decision-support [START_REF] Stock | Uncertainty analysis and robust areas of high and low modeled human impact on the global oceans[END_REF].

Coral reefs are among the most threatened marine ecosystems in the world and are affected by a broad range of activities and pressures [START_REF] Halpern | Recent pace of change in human impact on the world's ocean[END_REF][START_REF] Harborne | Multiple Stressors and the Functioning of Coral Reefs[END_REF]Williams et al., 2019), jeopardizing the provision of key ecosystem services such as coastal protection, food provisioning and cultural heritage [START_REF] Cinner | Coral reef livelihoods[END_REF][START_REF] Hicks | Social, institutional, and knowledge mechanisms mediate diverse Ecosystem service benefits from coral reefs[END_REF].

While mitigating distal threats like climate change require global action (Morrison et al. 2020), local management of activities such as fishing, shipping, tourism and coastal development can help reduce impacts and support resilience to global stressors [START_REF] Anthony | Operationalizing resilience for adaptive coral reef management under global environmental change[END_REF]. Here, we use and extend the cumulative impact model framework to characterize and explore the impact of human activities on scales relevant to most community-based decisions and management interventions, using the coral reef ecosystem of Moorea, in French Polynesia, as case-study. Specifically, we operationalized the linked cumulative impact model framework to produce a map of cumulative impact that would enable planners, resource managers, and communities to examine spatial variation in human pressures and explore different sources of impact at a fine spatial scale to inform local decision-making.

Materials and Methods

Study site

Coral reef ecosystem

Located in French Polynesia, Moorea is a volcanic island surrounded by a 49 km 2 semienclosed coral reef, shallow (less than 30 m deep) and relatively narrow (maximum 1500 m long) lagoon, connected to the Pacific Ocean by 12 passes (Figure 1). While the fore reef is directly exposed to oceanic conditions, the lagoon is more sheltered and includes a shallow barrier reef (less than three meters deep), a fringing reef adjacent to land, and a channel (> 10 m deep) that separates the two. In the three past decades, Moorea's fore reefs has been exposed to numerous acute disturbances including two cyclones, one crown-of-thorns starfish outbreak, and five bleaching events [START_REF] Adjeroud | Recovery of coral assemblages despite acute and recurrent disturbances on a South Central Pacific reef[END_REF][START_REF] Vercelloni | Exposure, vulnerability, and resiliency of French Polynesian coral reefs to environmental disturbances[END_REF]. Until now, coral cover always managed to reach the pre-disturbance levels following many of these events. However, coral assemblages have changed significantly [START_REF] Adjeroud | Recovery of coral assemblages despite acute and recurrent disturbances on a South Central Pacific reef[END_REF][START_REF] Pratchett | Recent disturbances augment community shifts in coral assemblages in Moorea, French Polynesia[END_REF][START_REF] Trapon | Comparative Effects of Different Disturbances in Coral Reef Habitats in Moorea, French Polynesia[END_REF], with cascading effects on fish assemblages [START_REF] Lamy | Three decades of recurrent declines and recoveries in corals belie ongoing change in fish assemblages[END_REF] leading to a deficit in biodiversity and ecosystem functioning, a phenomenon called "recovery debt" [START_REF] Dubois | Recovery Debts Can Be Revealed by Ecosystem Network-Based Approaches[END_REF].

Socio-economical context

Moorea's population increased from 7,059 people in 1983 to 17,463 in 2017, becoming the second most populated island of French Polynesia after Tahiti (INSEE-ISPF 2017). Human population and activities are mostly concentrated in a narrow land strip adjacent to the coast, due to the steep island topography. In the 90's, the "Progress Pact", an economic plan promoting local economic self-sufficiency based on tourism, agriculture, fishing and pearl farming, led to a shift from a subsistence economy (dominated by small-scale fisheries and farming) to a cash economy (relying mostly on tourism and services sector) [START_REF] Leenhardt | Complexities and uncertainties in transitioning small-scale coral reef fisheries[END_REF][START_REF] Walker | Perceptions of environmental change in Moorea, French Polynesia: the importance of temporal, spatial, and scalar contexts[END_REF]. Agriculture, which is now largely based on large pineapple plantations, has become more intensive and intended to the export market. As the third most visited island in French Polynesia after Tahiti and Bora-Bora (INSEE-ISPF 2019), tourism is an important economic sector of Moorea. It is supported by international resorts construction and relies largely on reef-based activities. However, while Moorea inhabitants exhibit a lower dependency to marine resources for food provisioning compared to other Pacific Islands [START_REF] Rassweiler | Perceptions and responses of Pacific Island fishers to changing coral reefs[END_REF], between 35% and 50% of its population are still engaged in a fishingrelated activity and feel strongly connected to the reef [START_REF] Leenhardt | Complexities and uncertainties in transitioning small-scale coral reef fisheries[END_REF][START_REF] Thiault | Combining participatory and socioeconomic approaches to map fishing effort in smallscale fisheries[END_REF].

Marine Spatial Planning

Following tourism development around Moorea, a marine spatial plan (Plan de Gestion de l'Espace Maritime, PGEM) -the first in French Polynesia-was implemented in 2005 following more than 10 years of consultation processes [START_REF] Hunter | Maneuvering towards adaptive co-management in a coral reef fishery[END_REF]. The PGEM encompasses the whole lagoon and the fore reef down to 70 m deep, and specifically regulates fishing activities through 8 marine protected areas (MPA) covering 17% of its waters, of which 5 are fully protected and 3 moderately protected [START_REF] Thiault | Ecological evaluation of a marine protected area network: a progressive-change BACIPS approach[END_REF]. Other regulations include delineation of areas for recreational activities including swimming, ray and shark provisioning and boating, while coral extraction and embankments are prohibited island-wide. However, no explicit connections were made between this marine spatial plan and the pre-existing land planning framework (Plan Général d'Aménagement, PGA) during the planning process, and issues such as land-based pollution and sedimentation largely overlooked.

Cumulative impact assessment

Human activities and associated pressures

We reviewed the primary and grey literature and identified 11 human activities that can have a direct impact on Moorea's marine ecosystem (Table S1). Activities were grouped into two broad categories: land-based activities and sea-based activities. For each activity, we used fine-scale data to model the spatial extent and intensity of their associated pressures.

Supplementary materials provide a detailed explanation of each pressures' models and a review of impacts.

Land-based activities

We considered three land-based activities: agriculture, land conversion, and urbanization.

Pressures from agriculture and land conversion were considered as point-source pollutions originating from the watersheds and associated river mouths, whereas pollution from urbanization was considered as originating from individual houses all along the coast. These activities result in different pressures on the adjacent coral reef ecosystem, such as eutrophication due to fertilizers and increase in sedimentation rates, and pollution from pesticides and sewage [START_REF] Fabricius | Effects of terrestrial runoff on the ecology of corals and coral reefs: Review and synthesis[END_REF][START_REF] Magris | A meta-analysis reveals global patterns of sediment effects on marine biodiversity[END_REF]. Point-sources pressures were modelled using data on land occupation inside each watershed. Values indicating the intensity of the pressure were computed, associated to the corresponding river mouth, and extended spatially into the lagoon using a diffusion model. Sewage discharge from urbanization was based on houses density in the area (see Supplementary Material 2.1 for more details on landbased activities impacts and modeling). To model the diffusion of pressures from agriculture and land conversion, we adapted a linked land-sea modeling framework designed for local management, using a cost-path surface model built from three factors known to affect diffusion: depth, distance from the shore and wind speed [START_REF] Delevaux | A linked land-sea modeling framework to inform ridge-to-reef management in high oceanic islands[END_REF].

Sea-based activities

Eight activities take place directly into the lagoon and along the fore reef. Six are related to tourism (i.e., boat traffic, mooring, anchoring, beach attendance, diving, wildlife provisioning), and the two remaining are coral reef fisheries and shoreline modification. Moorea's shoreline evolution is monitored since 1977 [START_REF] Madi Moussa | Long-term coastline monitoring on a coral reef island (Moorea, French Polynesia)[END_REF], allowing the modeling of the resulting pressure on near-shore habitats (see Supplementary Material 1.2.1). Pressure coming from fishery in Moorea is acknowledged as very challenging to assess given the complexity of the artisanal coral-reef fishery and the absence of stock monitoring [START_REF] Leenhardt | Complexities and uncertainties in transitioning small-scale coral reef fisheries[END_REF]. As a proxy for fishing pressure, we thus use a fishing effort model based on socioeconomic data (households' dependence on fishing) and participatory mapping of the fishermen's spatial preference for fishing grounds [START_REF] Thiault | Combining participatory and socioeconomic approaches to map fishing effort in smallscale fisheries[END_REF]. This model is the most recent attempt to describe the fishing pressure in Moorea in a spatially explicit way.

Moorea's tourism sector has rapidly grown in the last decades. It relies on a variety of activities such as diving, wildlife provisioning, and an increase in boat traffic and beaches attendance.

The increase in boats and people use of the lagoon for touristic activities can be detrimental to coral reef ecosystem, through direct pressures (e.g, boat anchors, divers fins, trampling) causing physical damages to the reef, and through different types of pollution (e.g, noise production, release of pollutants, sewage) generated by the use of engines [START_REF] Davenport | The impact of tourism and personal leisure transport on coastal environments: A review[END_REF].Outside boat traffic and beach use, activities are restricted to specific places for different reasons: for example, wildlife provisioning is partially regulated by the PGEM, allowing the activity to only take place in six sites, even if one supplementary site has been observed. Similarly, mooring and the related anchoring are only allowed inside the lagoon at five specific sites. Diving tends to also take place at specific sites around Moorea, some of them being included in the PGEM, while others appearing on websites of diving operators, confirmed by face-to-face interviews.

To assess beach attendance, we combined data on household density along the coast, tourism infrastructures and presence of public beaches which allow to model the intensity of this pressure inside the lagoon, taking into account the distance to the shore and depth. Finally, our boat traffic intensity model was based on least-cost distance between boats' departure and arrival sites, which can be specific sites in the lagoon (wildlife provisioning sites, diving sites) or sites used for regular trips (from cruise ship parking to harbor, ferries to Tahiti, jet-ski tour, and dolphin and whale watching). The intensity of each of these six sub-activities was calculated based on the frequency of their trip. Supplementary Materials 2.2 provides a detailed explanation of each pressure modeling.

Habitats

We considered four reef habitats, each characterized by a unique geomorphology , and specific benthic and fish assemblages: (1) the fringing reef, directly adjacent to the shore and less than two meters deep;

(2) sandy bottoms, which include mainly the channel that separates the fringing and the barrier reefs, but also some sand banks and areas inside the lagoon;

(3) the barrier reef, less than three meters deep and intersected by the passes, exhibiting similar coral cover compared to fringing reef but a greater specific richness; and (4) the fore reef, outside the lagoon, separated by the reef crest, from 0 to 65 m deep and directly

influenced by the open ocean. It exhibits the greatest coral cover and species richness.

We derived a spatial layer of these habitats substrate map from very-high resolution satellite imagery [START_REF] Collin | Extracting shallow bathymetry from very high resolution satellite spectral bands and a machine learning algorithm[END_REF]. Cells for which substrate was dominated by sediments were classified as sandy bottom. We used the channel to discriminate spatially coral reef patches belonging to the fringing reef from those belonging to the barrier reef, while the reef crest discriminates the barrier reef from the fore reef (Figure S1).

Vulnerability coefficients

Vulnerability coefficients, used to translate pressure intensities on habitats into impacts, were obtained using an expert judgement process. We interviewed 15 experts on French Polynesia coral reef ecosystems and management to discriminate how each activity impacts each habitats, based on five criteria: the spatial scale of the pressure, its frequency, its functional impact, the ecosystem resistance and the recovery time [START_REF] Halpern | Evaluating and ranking the vulnerability of global marine ecosystems to anthropogenic threats[END_REF]. For example, the criteria about the scale of a pressure is evaluated against 7 categories (no occurrence of the pressure, occurrence in less than 1 kilometer, between 1 and 10 kilometers, between 10 and 100, between 100 and 1000, 1000 and 10000 and finally in more than 10 000 kilometers), and the certainty is evaluated against 4 categories (none, low, medium, high). Each category was then ranked (in this case from 0 to 6 for the scale, and from 0 to 4 for the certainty), and experts assigned a rank in each criteria, for each pressure, and on each ecological habitats along with the certainty rank. Mean values for these five criteria weighted by the certainty were then used to assign a single weighted vulnerability coefficient for each habitat facing each pressure (Table S4).

Cumulative impact framework

To assess the cumulative impact of human activities on Moorea's lagoon and fore reef, we used an additive model combining the location and intensities of human pressures on different habitats (Halpern et al., 2008b). We weighted these pressures based on vulnerability coefficients derived from experts' assessment as:

𝐼 𝑐 = ∑ ∑ 𝑃 𝑖 𝐸 𝑗 𝜇 𝑖,𝑗 𝑚 𝑗=1 𝑛 𝑖=1 (1)
where 𝐼 𝑐 is the cumulative impact score for a given pixel c, 𝑃 𝑖 is the log-transformed and normalized value of anthropogenic pressures 𝑖 (n = 11), 𝐸 𝑗 is the presence or absence of habitat 𝑗 (m = 4), and 𝜇 𝑖,𝑗 is the vulnerability coefficients of habitat 𝑗 to pressure 𝑖 (Figure 2).

Uncertainty analyses

Uncertainty in the model's outputs was estimated using a method adapted from [START_REF] Stock | Effects of model assumptions and data quality on spatial cumulative human impact assessments[END_REF]. In this study, the authors identified nine model assumptions or data quality issues (referred to as "factor" hereafter) that could generate uncertainty, five of which were potentially present in our model: (1) missing pressure data, (2) type of transformation for pressure layers, (3) errors in vulnerability coefficients, (4) nonlinear responses, and ( 5) multiple pressure effects.

We quantified our model's uncertainty by bootstrapping these five factors using Monte-Carlo simulations (1000 runs). In each simulation run, factors were set to values randomly assigned from their ranges and cumulative impact was calculated. We then recorded how often pixels was in the first (low-impact area) or the last quartiles (high-impact area) of cumulative impact distribution to compare the robustness of low and high impacted areas with our original model. We assumed a low-or high-impact pixel is robust when it is confirmed by more than 75% of simulations (i.e. a pixel belonging to the first or last quartiles of original cumulative impact and belongs as well in the first of last quartiles of cumulative impact score in more than 75% of simulations).

All analyses were conducted in QGIS software v.3.4.8 (QGIS Development Team, 2020) and R software v.4.0.3 (R Core Team, 2020) using the raster [START_REF] Hijmans | raster: Geographic Data Analysis and Modeling[END_REF], sf [START_REF] Pebesma | Simple Features for R: Standardized Support for Spatial Vector Data[END_REF], gdistance [START_REF] Van Etten | R Package gdistance: Distances and Routes on Geographical Grids[END_REF], and SpatialEco [START_REF] Evans | spatialEco R package version 1.3-4[END_REF] packages for spatial analyses, as well as ggplot2 [START_REF] Wickham | ggplot2: Elegant Graphics for Data Analysis[END_REF] and tmap [START_REF] Tennekes | tmap: Thematic Maps in R[END_REF] for figures and maps production.

Results

Cumulative impact assessment overview

The entire system studied is impacted by human activities, although the reef system is heterogeneously affected around Moorea (mean 𝐼 𝑐 = 2.6; Figure 3A-B). Impacts are generally larger close to shore, with fringing reefs displaying the highest levels of impact overall (mean 𝐼 𝑐 = 5.7). The barrier reef and sandy bottoms both exhibit lower cumulative impact scores, while the fore reef is the least impacted (Figure 3C). Cumulative human impact is particularly high off the municipalities of Papetoai and Paopao (mean 𝐼 𝑐 = 3.6 and 3.4, respectively), while it remains close to average for Teavaro and Haapiti. Afareaitu has the lowest impact score with a mean 𝐼 𝑐 of 1.9 (Figure 3D).

Spatial extent of human activities

Agriculture, fisheries, land conversion and urbanization impact the entire reef ecosystem across all five municipalities (Figure 4). Two other activities impacting a large portion of the reef are boat traffic (84% of the study area), and wildlife provisioning (31%), located mainly in the north municipalities of Papetoai and Teavaro, and on the fore reef. The five other activities (i.e., beaches attendance, mooring, shoreline modification, diving and anchoring) are distributed around the island in very specific locations, hence impacting a much smaller proportion of the different habitats (Figure 4A). Papetoai and Teavaro are the most concerned by impacts extent, especially for wildlife provisioning and mooring (Figure 4B). Boat traffic and wildlife provisioning have a higher impact on offshore habitats. However, the fringing reef is impacted by all activities, except for diving and anchoring.

Human activities contributions to cumulative impact

Fisheries are consistently the largest contributor to the overall cumulative human impact and, when added with land-conversion and urbanization, contribute to more than 80% of the overall cumulative impact (Figure 5A). There is only one habitat where fisheries are outpaced precisely by land conversion and urbanization, the fringing reef (Figure 5B). However, landbased activities contribute together to more than half of the cumulative impact around Moorea. In the barrier reef and the fore reef, impact is largely driven by fisheries and boat traffic. While heterogeneity between contributors is observed for habitats, municipalities have the same three activities as those observed at the island scale (Figure 5C). The fourth most impacting activity is agriculture in Afareaitu and Haapiti, while it is boat traffic in Paopao, Papetoai and Teavaro.

Uncertainty analysis

Comparison between low-and high-impact area in the 1000 Monte-Carlo simulations (i.e. pixels being in first or last quartiles of cumulative impact score in more than 75% of simulations) and our original model indicates that 35% of original low-impact area and 23% of high-impact area are robust to factor variations (Figure 6A,B). High-impacted habitat fringing reef (43% of this habitat is highly impacted) exhibits 45% of robust high-impact area, while other habitats high-impact area are poorly robust. Low-impact areas, mostly on sandy bottoms, are robust at 15% (Figure 6C). Municipalities located in the north of Moorea display between 7% and 12% of robust high-impact areas, while municipalities in the south (mainly Haapiti and Afareaitu) host robust low-impact areas (both 12%). Results are similar to those observed in global studies on cumulative impact uncertainty [START_REF] Stock | Uncertainty analysis and robust areas of high and low modeled human impact on the global oceans[END_REF][START_REF] Stock | Effects of model assumptions and data quality on spatial cumulative human impact assessments[END_REF].

Discussion

Our cumulative impact assessment provides, to our knowledge, the most comprehensive finescale mapping of cumulative human impact in a marine environment to date. We found that over half of the overall cumulative impact on Moorea's reef is due to land-based activities: agriculture, land conversion and urbanization. In addition to having large impacts in intensity, the footprint of land-based activities is widely distributed throughout the reef and across all municipalities. These findings underline the critical role that integrated "ridge-to-reef management" should play [START_REF] Álvarez-Romero | Integrated land-sea conservation planning: The missing links[END_REF][START_REF] Brown | A guide to modelling priorities for managing land-based impacts on coastal ecosystems[END_REF][START_REF] Carlson | Land Use Impacts on Coral Reef Health: A Ridgeto-Reef Perspective[END_REF][START_REF] Wenger | Best-practice forestry management delivers diminishing returns for coral reefs with increased land-clearing[END_REF]. However, the current marine spatial plan does not address landbased pressures, focusing instead exclusively on regulating marine activities, hence failing to protect its waters from its key pressures. Our results highlight the large benefits that can be derived from focusing management attention towards more transformative, deeper leverage points (sensu [START_REF] Abson | Leverage points for sustainability transformation[END_REF][START_REF] Fischer | A leverage points perspective on sustainability[END_REF] that might be more difficult to attain but potentially yielding more ecological benefits. These may require, among others, a greater collaboration between relevant agencies to better integrate both terrestrial and marine systems and threats, and effectively mitigate land-based pressures on the reef [START_REF] Thiault | Operationalizing vulnerability for social-ecological integration in conservation and natural resource management[END_REF]. In addition, putting land-sea interactions at the core of the management plan is also critical to avoid the current management mismatches between the land-sea continuum as perceived by traditional Polynesian management styles [START_REF] Leenhardt | Exploring socialecological dynamics of a coral reef resource system using participatory modeling and empirical data[END_REF]. Moreover, mitigation of land-based pressures is likely to have the greatest positive impact on the intrinsic ecological resilience of the reef, especially inside the lagoon, and avoid a focus on restricting fishing activities, which can be detrimental when associated with high social vulnerability [START_REF] Thiault | Operationalizing vulnerability for social-ecological integration in conservation and natural resource management[END_REF].

The second largest contributor to the overall cumulative impact is fishing. It is the activity that alone has the most profound and widespread impact, affecting the entire reef and contributing to more than a third to the overall impact. These findings may appear surprising given the low impact on habitats the highly selective gears (mostly spearguns, lines and nets) used in Moorea has [START_REF] Rassweiler | Perceptions and responses of Pacific Island fishers to changing coral reefs[END_REF]. However, this may reflect the ubiquitous nature of fishing within the community (high livelihood dependency on fishing leading to high fishing capacity) [START_REF] Leenhardt | Complexities and uncertainties in transitioning small-scale coral reef fisheries[END_REF][START_REF] Thiault | Combining participatory and socioeconomic approaches to map fishing effort in smallscale fisheries[END_REF], as showed by the fact that it ranked first in all municipalities. In addition, the relatively small lagoon width, the twelve passes and the convenience to fish on the outer slope under good weather conditions allow fishermen to access all reef components, although distance to the shore remains a key driver of fishing pressure [START_REF] Thiault | Combining participatory and socioeconomic approaches to map fishing effort in smallscale fisheries[END_REF]. Currently, the marine spatial plan around Moorea combines spatial (e.g., marine protected areas) and gear-based restrictions. While the existing Moorea MPA network appears effective, ecological benefits are weaker than expected [START_REF] Thiault | Ecological evaluation of a marine protected area network: a progressive-change BACIPS approach[END_REF]. Weak compliance and enforcement have previously been put forward to explain their lower effectiveness, but the above-mentioned widespread impacts of land-based activities may also play a role. Tourism-based activities, which were a major concern for stakeholders during and after the implementation of the marine spatial plan [START_REF] Gaspar | Territorialités et aires marines protégées à Moorea (Polynésie française)[END_REF][START_REF] Walker | Mapping Moorea's lagoons: Conflicts over marine protected areas in French Polynesia[END_REF], were found to contribute very little to the overall impact. Nevertheless, when such activities do occur, the mean impact is high, highlighting that managing tourism activities remains key to reduce human impact on the reef . This is even more critical given that jet-skiing and other new activities such as flyboard are becoming increasingly popular. Boat traffic, which here reflects the daily operations of tourism operators, was the only tourism-related activity whose impact remained relatively widespread. Improving the management of this activity may require strategically channeling boat traffic away from vulnerable habitats (i.e. barrier reef and fore reef) to lower its contribution to cumulative impact or other sea-based activities (i.e., fishing) to reduce conflicts between stakeholders [START_REF] Noble | Understanding the spatial diversity of social uses, dynamics, and conflicts in marine spatial planning[END_REF].

Our study advances the application of cumulative impact assessments to local contexts, based on empirical spatial data. By design, the cumulative impact model focuses on simple interactions between pressures and ecological components. However, such interactions are often complex, and relatively simple representations of relationships and feedbacks between ecological components and threats may obscure information that is important to understand system dynamics, key drivers, and opportunities for effective intervention [START_REF] Halpern | Assumptions, challenges, and future directions in cumulative impact analysis[END_REF]. Future work building on new data and models could expand the set of activities and incorporate more complexity. This would further improve the ability of stakeholders and decision-makers to identify sources of impact on ecosystems and discover a wider range of options for managing coral reefs for the benefit of the people who depend on them.

Conclusion

Cumulative human impact assessments offer an approach for planners and decision makers to identify which areas are the most and least impacted, which activities are responsible for these impacts, and can thus help target and prioritize management actions. More generally, it can underpin improved and balanced consideration of the human dimension in place-based environmental management initiatives. Because of the standardized nature of the cumulative impact model, this approach enables direct and fine-scale comparisons that allow decision makers and stakeholders to measure and map change through time (see [START_REF] Halpern | Spatial and temporal changes in cumulative human impacts on the world's ocean[END_REF] for an application of this at a global scale). Such information may provide additional indications on the nature of changes (key sources of impact affected), and its direction (positive or negative) in specific locations. This approach is likely to be applicable in a variety of other places where human activity represents both an important threat to the ecosystem and an invaluable source of benefits for local communities.
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