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Summary 16 

 17 

The Clarion Clipperton Zone (CCZ) is the focal region for imminent deep-sea nodule mining1, yet 18 

fundamental questions remain about ecosystem resilience2. To protect the marine environment in the 19 

CCZ, the International Seabed Authority (ISA) designated Areas of Particular Environmental Interest 20 

(APEIs)2,4. Connectivity was not a formal criterion in the original APEI design5,6, but has since 21 

gained prominence in ISA policy7. Use larval dispersal modelling and network analysis, we assess 22 

the connectivity of the APEI design. APEIs show internal cohesion and provide some larval input to 23 

areas of mining interest (AMIs), especially after 2021 additions4. However, the ‘network’ of APEIs is 24 

not functioning: APEIs are largely disconnected: fewer than 0.02% of simulated larvae disperse 25 

between protected areas, and most are functioning as isolated units. This weak connectivity limits the 26 

network’s effectiveness in a biologically variable region and undermines its capacity to sustain 27 

populations or support recovery following mining disturbance2. Most larval replenishment to AMIs 28 

originates outside both APEIs and AMIs, revealing opportunities to enhance APEI support for 29 

ecosystem resilience. Strategic expansion, totalling a 47% increase in protected area, could lead to 30 

full APEI connectivity, increasing inter-APEI connectivity 406-fold and nearly doubling larval input 31 

to AMIs8,9, strengthening conservation outcomes prior to mining.  32 

 33 

Introduction 34 

 35 

The deep ocean is rapidly becoming the next frontier for commercial mineral extraction. At the heart 36 

of this is the Clarion Clipperton Zone (CCZ), a 6 million km2 swathe of the central Pacific seabed of 37 

interest for mining polymetallic nodules - a type of rock rich in minerals critical to modern 38 

technologies1. With over a million square kilometres already under licence for exploration10, the 39 

developments for mining the deep sea are accelerating, outpacing our understanding of its 40 

ecosystems11,12. The CCZ is not only species-rich, but also ecologically complex13, and managing its 41 

biodiversity in the face of industrial disturbance remains a formidable challenge2. 42 

To help manage the potential effects of mining, the International Seabed Authority (ISA)3 established 43 

a network of protected areas known as Areas of Particular Environmental Interest (APEIs). These 44 

were designed to represent diverse habitats and buffer mining impacts, but connectivity was not a 45 

formal criterion5,6. A further expansion in 2021 brought the total protected area to nearly two million 46 

square kilometres4, with an increased prominence of connectivity in ISA policy7. Connectivity is 47 

important, because a key component of an effective and self-sustaining network of MPAs/APEIs is 48 

coherence 9,14, however, the spatial arrangement of the APEIs and thus capacity to function as a 49 

coherent ecological network remains untested. 50 
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Connectivity is critical to marine spatial planning15, central to conservation targets16 and important in 51 

maintaining ecological attributes17, such as biodiversity18. In the deep sea, many species depend on 52 

larval dispersal to link fragmented populations19. Ocean currents carry larvae between habitats, 53 

enabling recolonisation and preserving genetic diversity20,21. Without sufficient connectivity, isolated 54 

populations may fail to recover from disturbance - a key concern for mining scenarios. 55 

Here, we apply larval dispersal modelling and network analysis to provide evidence-based 56 

management approaches to address a critical emerging threat to largely pristine abyssal systems. To 57 

address data scarcity typical of these environments which has hampered connectivity-relevant APEI 58 

design and analysis in the past5, we use an “everything is everywhere” approach (sensu James et al. 59 

2024)22: assuming uniform larval release potential across the seafloor to reveal all plausible dispersal 60 

pathways. This enables the identification of potential sources, sinks, and corridors across both 61 

protected and unprotected areas. We assess the coherence of the current APEI network, characterise 62 

the structure of larval dispersal across the CCZ, evaluate the potential for APEIs to replenish areas of 63 

mining interest (AMIs - including both current ISA exploration contracts and reserved areas), and 64 

identify currently unprotected regions critical to maintaining ecological connectivity. Our approach 65 

provides a generalisable framework for data-limited conservation planning in frontier regions like the 66 

deep ocean. 67 

Results 68 

APEIs support internal cohesion but do not function as a connected network 69 

Our results found that APEIs in the CCZ exhibit near-total isolation (Figure 1). Across all 70 

simulations, just 0.018% of particles dispersed between APEIs, whilst 78.56% remained within their 71 

origin, and 21.42% settled outside the network entirely. Of 156 possible direct APEI-to-APEI 72 

connections, only five showed any exchange - dominated by three routes: APEI 5 to 8, APEI 8 to 9, 73 

and APEI 13 to 9, which together accounted for over 99% of all transfers. The only other direct links, 74 

APEI 2 to 13 and APEI 6 to 3, involved fewer than 15 particles each. Two additional pathways 75 

showed potential for indirect connectivity, via sequential settlement through intermediate APEIs: 76 

APEI 2 to APEI 9 via APEI 13, and APEI 5 to APEI 9 via APEI 8. 77 

 78 

Figure 1:  Larval dispersal footprints and spatial configuration of the 13 APEIs (outlined in black) in the Clarion 79 

Clipperton Zone, numbered according to their official designation. Coloured dispersal footprints represent the spatial 80 

extent of larval settlement originating from each APEI at the end of their planktonic larval duration (PLD) (cumulative 81 

results for 19-,35- and 69 days of simulated dispersal for 4 time periods: January 2019; July 2019; January 2023; and July 82 

2023), overlaid on the CCZ management region (red dashed boundary).  83 
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 84 

Self-retention of particles within the APEI from which they originated was consistently high. APEIs 85 

3 and 6 retained 87.7% and 85.5% of their particles, respectively, while APEI 13 - the least retentive 86 

- retained 60.4%. Even under maximum simulated dispersal (69 days19), median travel distances 87 

remained under 100 km (Ext. Dat. Fig 1) - far below the 200–800 km gaps between APEIs23. For 88 

particles that failed to settle in an APEI, the median distance to the nearest non-origin APEI was still 89 

large at 388.7 km (IQR: 297.9–542.3 km), indicating that also multi-generational functional 90 

connectivity may be limited, even assuming the transitional areas remain suitable for successful 91 

reproduction, which may not be the case if mining occurs in such transitional areas. 92 

APEIs can support nearby areas of mining interest  93 

While direct connectivity between APEIs is limited, they do supply larvae to other parts of the CCZ, 94 

including designated areas of mining interest (AMIs). After 69 days of dispersal, an upper estimate of 95 

planktonic larval duration19, 86% of designated AMI sites had received particles from APEIs. Testing 96 

shorter PLDs of 35 and 19 days, connectivity to AMIs was reduced to 66% and 44% of AMIs, 97 

respectively, highlighting the importance of dispersal duration. Overall, only 4.6% of particles 98 

released from APEIs reached AMIs. Contribution varied considerably across individual APEIs. APEI 99 

13 was the strongest contributor to AMIs, accounting for over 21% of APEI-derived settlement. 100 

APEI 2 also contributed well, supplying nearly 18% of larvae reaching AMIs. In contrast, APEIs 6, 101 

7, and 10 showed minimal contribution to AMIs and APEI 8 had none. 102 

Most larval input to AMIs comes from outside the protected network. Several unprotected areas also 103 

not designated for mining activity - often adjacent to APEIs - emerged as dominant sources of larval 104 

supply (Figure 2). These areas consistently outperformed APEIs in both particle density and spatial 105 

reach. Their contributions were not only greater in volume but also more widespread, delivering 106 

larvae to multiple potential mining regions across the CCZ. 107 

 108 

Figure 2: Origin density (red) and settlement density (blue) of larval particles that settle in areas of mining interest 109 

(AMIs), released from all cells outside the AMIs (including both APEIs and unprotected, non-mining areas). Mining 110 

areas (exploration and reserved zones combined) are shown as blue polygons. Darker blue shades indicate higher 111 

settlement densities, representing greater larval influx into mining areas. Red shading shows the density of particles 112 

originating from source cells that contributed larvae to mining areas.  113 

 114 

These findings highlight a critical gap: the current APEI network contributes little to potential mining 115 

zone replenishment, while key larval sources remain unprotected. While it could be argued that these 116 
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areas are de facto protected due to their location outside exploration contract areas, this does not 117 

guarantee long-term legal protection. Simply being outside of current contract zones doesn’t provide 118 

assurance that these areas will remain free from future exploitation or disturbance without an official 119 

protected status. 120 

 121 

Connectivity in the CCZ is modular, local, and vulnerable to mining losses 122 

Larval dispersal in the CCZ is strongly modular, with movement largely confined within four major 123 

connectivity communities (Figure 3).  124 

 125 

Figure 3: Community structure of larval connectivity in the Clarion Clipperton Zone showing four distinct larval 126 

connectivity communities across the CCZ, derived from simulated dispersal trajectories. Coloured areas represent 127 

community membership, while dashed black squares indicate the locations of APEIs. Interface zones outlined in red shift 128 

community affiliation when mining-origin larvae are removed. 129 

Community 4, in the northwest, is the largest and best connected, spanning 4.41 million km² (36% of 130 

the CCZ), while Communities 1 and 3 together cover over 60% of the region. Despite being the 131 

smallest, Community 2 displayed the highest internal connectivity, but contains no APEIs, revealing 132 

a critical gap in protection. 133 

Under current conditions, connectivity between communities is limited, with the majority of larval 134 

exchange occurring within rather than across community boundaries (Extended Data Fig. 2, left 135 

panel). When larvae originating from mining areas are excluded, representing a plausible mining 136 

scenario, connectivity declines across the network (right panel), with both intra- and inter-137 

community flows reduced. Community 4 experiences particularly large losses, with a 23% reduction 138 

in outward dispersal and 24% decline in larval input. Several regions (outlined in red in Fig. 3) shift 139 

their community assignment under this scenario, highlighting their sensitivity to changes in larval 140 

supply. These areas sit at the boundaries of community partitions and appear to be structurally 141 

flexible, changing affiliation depending on larval sources. This suggests they are influenced by 142 

multiple connectivity pathways and may contribute to maintaining links between otherwise distinct 143 

communities. In a mining scenario, their sensitivity and positioning make them vulnerable to 144 

disruption, but also potentially important for preserving residual connectivity. Protecting these 145 
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regions could therefore help buffer against fragmentation and support the adaptive capacity of the 146 

system in the face of environmental change. 147 

 148 

Critical connectivity zones remain unprotected 149 

Grid cells that maintain high connectivity value even under potential mining-induced source loss 150 

occur around the AMIs (Figure 4).  151 

 152 

Figure 4: Scenario-stable composite connectivity score for 100×100 km grid cells across the CCZ, integrating source 153 

strength (out-degree) and stepping-stone potential (node betweenness) under both non-mining and post-mining scenarios 154 

(see Methods). Black-outlined cells represent the top 10% of scenario-stable scores. AMIs are shown in grey and APEI 155 

boundaries in dashed white. Scores reflect each cell’s ability to support connectivity across conditions; warmer colours 156 

indicate higher, more persistent connectivity.  157 

The cells outlined in black represent the top 10% of locations that consistently function as larval 158 

sources and stepping stones for connectivity throughout the CCZ (not just to AMIs) in both mining 159 

and non-mining scenarios, where in the ‘mining’ scenario the AMIs no longer function as larval 160 

sources due to mining activities. Spatially, these high-priority cells are widely distributed, with 77% 161 

of their total area falling outside existing APEIs, and many occur along margins of AMIs, 162 

underscoring critical gaps in current spatial coverage. Their persistence across mining and non-163 

mining scenarios suggests they are robust features of the CCZ dispersal landscape and thus prime 164 

candidates for targeted conservation action. 165 

 166 

Extending the network: The strategic placement of new protected areas 167 

To test whether the network’s shortcomings could be addressed, we developed a spatial prioritisation 168 

framework to identify the minimum set of new sites needed to restore connectivity. The resulting 169 

configuration transformed network performance (Figure 5). While direct APEI-to-APEI links 170 

remained unchanged, the inclusion of new protected sites would enable 151 indirect pathways, 171 

increasing inter-APEI dispersal 406-fold (40500%) - from just 1 in 5,556 particles to 1 in 14 released 172 

from protected areas reaching another protected area. The new sites act as corridors between current 173 

APEIs and become key stepping stones, capturing 20.9% of particles from current APEIs and 174 
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returning 8.1% back into the network, while halving the median near-miss distance of unsuccessful 175 

dispersers from 388.7 km to 153.8 km. Addition of the corridors also improves connectivity to AMIs: 176 

contributions increased from 4.6% to 7.8%, representing a 69% increase in supply driven 177 

predominantly by 3 new sites: (Figure 5: inset; dark, brown, light brown, green)). The proportion of 178 

AMIs receiving larvae rose from 86.2% to 95.0%, with gains across all larval dispersal durations.  179 

 180 

Figure 5: Top: Enhanced APEI network with particle exchange flows showing the optimised protected area 181 

configuration, including existing APEIs (coloured by community), and suggested additions to connect the network (black 182 

outline), and represent previously unprotected communities (red outline: one box). Arrows indicate larval exchange flows 183 

between sites, with colour intensity scaled by particle count (log₁₀). Bottom: shows the grouped configuration of the 13 184 

sites proposed to enhance APEI connectivity.  185 

Discussion 186 

Our analysis provides the first region-wide predictive assessment of ecological connectivity in the 187 

Clarion Clipperton Zone (CCZ) and reveals potential for improvement in the current APEI network. 188 

Although modified in 2021 to improve habitat representation24, the network still falls short of 189 

functioning as a coherent ecological system. Connectivity between APEIs is virtually absent. This 190 

isolation may limit the ability of the APEI network in supporting biodiversity at regional scales3,4. 191 

Despite their fragmentation, APEIs can supply larvae to nearby areas of mining interest (AMIs), 192 

suggesting potential for localised recovery, but these contributions are limited. More broadly, 193 

dispersal across the CCZ is structured into four semi-isolated connectivity communities, many of 194 

which depend on key regions that currently fall entirely outside the protected network. These 195 

unprotected nodes play a disproportionate role in maintaining exchange within and between 196 

communities. 197 
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Without intervention, mining-driven source loss will erode these important links, severing large 198 

portions of the CCZ from regional dispersal pathways and weakening the system’s capacity for 199 

natural recovery. Preserving these ecological corridors is suggested in future management strategies. 200 

A network only by name 201 

The APEI system was designed on the assumption that 200 × 200 km reserves (with 100 km buffers), 202 

spaced 400–800 km apart, would allow for both self-recruitment and larval exchange23,25. Although 203 

the original and extended networks were designed based on environmental representation6,24, the 204 

importance of connectivity between APEIs was formally acknowledged during the 2019 Friday 205 

Harbor workshop, which highlighted genetic connectivity as a key consideration in the region’s 206 

environmental management but recognising extreme data scarcity26. However, our simulations show 207 

that realised larval dispersal distances are far too small to span the current distances between 208 

APEIs27, resulting in high self-retention and extremely little inter-APEI exchange. This aligns with 209 

prior findings that actual dispersal is often much shorter than theoretical expectations28,29,30, and 210 

exposes a weakness in the design: while the network represents biodiversity24 and supports largely 211 

self-sustaining regions through high levels of self-recruitment, it fails to establish functional 212 

connectivity standards essential for ecological resilience8,9,31. 213 

The solution does not require a complete overhaul of the network. Many dispersal distances narrowly 214 

miss their targets, revealing opportunities to enhance connectivity by strategically adding bridging 215 

corridors within range. These latent connections, once activated, can transform an isolated set of 216 

reserves into a functionally coherent network. Achieving this requires moving beyond static design 217 

templates toward adaptive, evidence-based spatial planning. 218 

 219 

Performance disparities among APEIs also challenge the idea that all nodes contribute equally. Sites 220 

with low connectivity are not expendable - they capture unique habitats24 - but their limited role in 221 

system-wide recovery highlights the need for complementary strategies. 222 

 223 

Unprotected, indispensable: The role of non-protected areas 224 

Several of the most strategically important areas for sustaining ecological connectivity in the CCZ lie 225 

entirely outside the existing network of protected zones. These sites consistently function as larval 226 

sources and critical stepping-stones, enabling movement between otherwise isolated regions even 227 

under scenarios where larvae are lost to mining activity. Their structural importance and persistence 228 

across undisturbed and disturbed scenarios highlight them as essential, long-term contributors to 229 

regional resilience. 230 

Many of these high-performing cells are located closer to mining zones than to any APEI. Given the 231 

limited dispersal distances observed, this spatial alignment is not incidental - it is pivotal. These areas 232 

are not passive conduits but active nodes that uphold network cohesion and facilitate ecological 233 

recovery. Prioritising their conservation, particularly those that serve dual roles as exporters and 234 

connectors, would substantially strengthen the functional integrity of the CCZ32. Moreover, where 235 

such areas overlap with habitat types targeted for extraction, they could serve as valuable 236 

preservation reference zones33 or potentially inform relinquishment decisions34. 237 

Partitioned by nature, neglected by design: Unequal protection of semi-isolated communities 238 

The CCZ is not a single connected system, but a patchwork of semi-isolated larval dispersal 239 

communities. Our analysis revealed four distinct connectivity regions, within which larval movement 240 

is largely retained. These patterns mirror emerging biogeographic structure across the CCZ35 and are 241 
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supported by genetic evidence of population subdivision in species like the sponge Plenaster craigi 242 

pointing to limited dispersal across regional boundaries36. 243 

The current APEI network fails to reflect this natural partitioning. One entire connectivity 244 

community (Community 2) remains completely unprotected, despite exhibiting the highest internal 245 

connectivity density and smallest spatial footprint, thus giving it heightened vulnerability to localised 246 

disturbance37. Meanwhile, other communities depend on a small number of unprotected bridging 247 

zones to maintain inter-regional exchange. These links are ecologically fragile: when mining-source 248 

larvae are removed, connectivity between communities collapses, leaving large areas isolated and 249 

unable to recover. 250 

This misalignment exposes a critical vulnerability. Resilience depends not only on protecting 251 

representative habitat, but on anchoring each connectivity community with functionally active nodes. 252 

Without this, larval replenishment after disturbance will be confined within fragmented 253 

compartments, undermining regional recovery and deviating from core principles of ecosystem-254 

based management. A connected network should not exclude entire communities. 255 

Mind the Gaps: Redesigning Protection for Deep-Sea Connectivity 256 

Connectivity is not an abstract concept but a measurable, implementable design feature. Both IUCN8 257 

and OSPAR9,31 stress that networks must be large, connected, and representative to sustain 258 

populations and ecological processes, including larval sources and refugia38, and should be based on 259 

the best available science31 and the precautionary principle8,9. Our approach puts this into practice by 260 

prioritising dynamic processes over static boundaries. By integrating connectivity science into 261 

reserve design - using a new Integrated Connectivity Value (ICV) and dispersal-informed 262 

optimisation to identify the shortest biologically relevant paths between disconnected APEIs - we 263 

identified a minimal set of additions that transform network performance, balancing ecological 264 

function with spatial efficiency,  and offering a scalable blueprint for adaptive conservation in 265 

dynamic, data-poor systems39- 41. As new Regional Environmental Management Plans (REMPs) 266 

including networks of protected areas are developed by the ISA for regions like the Mid-Atlantic 267 

Ridge and Indian Ocean, our findings demonstrate that integrating larval connectivity into design is 268 

both feasible and essential, shifting protection from static coverage to process-based resilience and 269 

transforming the regions from fragmented patchwork into connected systems. 270 

Conclusion 271 

We show that connectivity can be mapped, measured, and integrated into marine spatial planning, 272 

even under conditions of ecological uncertainty. We strongly recommend adopting the practice to 273 

embed connectivity into conservation design, adapt it as data improves, and act before irreversible 274 

damage occurs. Optimising the APEI network based on connectivity offers a chance to move from 275 

fragmented protection toward a resilient, future-ready framework. An updated network, grounded in 276 

multidisciplinary data - from ocean modelling to connectivity science to emerging biological insights 277 

- can deliver smarter, more resilient protection.  278 

 279 

 280 

 281 

 282 
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 390 

Methods 391 

The study area 392 

A uniform 100 × 100 km (10,000 km²) grid was generated across the CCZ region (160°-110°W, 0°-393 

25°N), balancing spatial resolution with computational efficiency for connectivity analysis. To 394 

account for Earth’s curvature, latitude and longitude offsets were adjusted per cell size. Land 395 

polygons from Natural Earth42 were used via the ‘cartopy’ package43 to exclude terrestrial cells. The 396 

grid was clipped to the CCZ management area44, resulting in 1,225 ocean-only cells (Ext. Dat. Fig. 397 

3). 398 

The biophysical model 399 

The hydrodynamic model 400 

The GOFS 3.1 HYCOM model45 provides 41-layer global ocean circulation data at 0.08 × 0.04° 401 

horizontal resolution (~9 × 4.5 km). Zonal (‘water_u_bottom’) and meridional (‘water_v_bottom’) 402 

bottom-layer velocities were retrieved at 3-hour intervals for 170-110°W, 5°S-25°N, spanning 403 

January 2019-September 2023. Spatial bounds extended 10° latitude and 5° longitude beyond the 404 

CCZ to capture full particle trajectories within their planktonic larval durations. Bottom velocities 405 

represent flow 10 m above the seafloor and follow GEBCO-derived bathymetry46. 406 

Several limitations apply to HYCOM's use in deep-sea settings. Observational data for model 407 

validation at the seafloor are sparse, especially in remote Pacific regions. Bottom boundary layer 408 

processes are parameterised47 but may miss near-bed turbulence and fine-scale dynamics. Resolution 409 

limits topographic steering and fails to resolve small bathymetric features. Episodic events like eddy-410 

driven current reversals48 are also not captured. These factors may lead to overestimated connectivity 411 
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between communities and underestimated local retention, while obscuring rare but ecologically 412 

important long-distance dispersal. While these factors do not invalidate the model’s use for 413 

broadscale interpretation, they should be considered when evaluating fine-scale or event-driven 414 

seafloor connectivity patterns. 415 

Lagrangian particle tracker 416 

Particle tracking was performed using Ocean Parcels v2.149, forced by the hydrodynamic model. 417 

Simulations were run for January and July in both 2019 and 2023 to capture inter- and intra-annual 418 

variability, including El Niño/La Niña phases50,51,52,53 (Ext. Data Tab. 1). Particles were released 419 

every 25 km across the CCZ22, yielding 18,679 unique release sites (∼16 per 100 × 100 km cell). 420 

Trajectories were simulated for up to 69 days, the upper quartile of deep-sea planktonic larval 421 

durations19, using a 2D fourth-order Runge–Kutta advection scheme with stochastic diffusion (see 422 

Diffusivity). To minimise behavioural uncertainty, particles were constrained to the bottom layer (10 423 

m above the seafloor) - a conservative approach based on the assumption that many abyssal species, 424 

especially weak swimmers, remain near the seabed during dispersal. This seabed-following method 425 

reflects the limited understanding of deep-sea larval behaviour, as incorrect parameterisation (e.g. 426 

vertical swimming) can significantly distort dispersal predictions54,55. Dispersal distances were 427 

estimated as great-circle distances between release and settlement points using the haversine formula, 428 

accounting for Earth’s curvature56. While not reflecting exact trajectories, this provides a reliable 429 

measure of dispersal extent for assessing deep-sea connectivity patterns. 430 

 Diffusivity 431 

To simulate sub-grid scale horizontal movement, we implemented a stochastic diffusion scheme 432 

using the Smagorinsky method57 within Ocean Parcels. Horizontal eddy diffusivity was calculated 433 

from local velocity gradients using a Smagorinsky constant (Cs = 0.1) and a central difference 434 

approach with a spatial offset (dx = 0.01°). Velocity components (U, V) were extracted at ±dx in both 435 

longitude and latitude to compute gradients: dudx, dudy, dvdx, and dvdy. These were used alongside 436 

the area of the computational cells (A) to calculate horizontal diffusivity (Kh) as: 437 ܭℎ = × ݏܥ 2ݔ݀ݑ݀√ ܣ  + 0.5 × ݕ݀ݑ݀) + 2(ݔ݀ݒ݀ +  438 .  2ݕ݀ݒ݀ 

Stochastic displacement was drawn from a normal distribution based on Kh and the model timestep 439 

(random walk)58, simulating variability from turbulent flow, and added to the particles position. A 440 

fixed random seed ensured reproducibility, isolating hydrodynamic differences between simulations 441 

from random variation. 442 

Sensitivity analysis 443 

Several tests were undertaken to identify the optimal internal model timestep and optimal number of 444 

particles released from each site for accurate representation and computational feasibility 445 

Internal timestep 446 

To ensure numerical stability and accuracy, we applied the Courant-Friedrichs-Lewy (CFL) 447 

condition59 which requires that particles travel less than one grid cell per timestep. This is expressed 448 

as: 449 ܮܨܥ =  ܷ × ݔ∆ݐ∆  ≤  ௠௔௫ 450ܥ
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Where U is the maximum current velocity (in m/s), Δt is the hydrodynamic model timestep (in 451 

seconds), Δx is the spatial resolution of the model grid (in meters) and Cmax is 1 for model stability. 452 

At the hydrodynamic model’s native 3-hour timestep and resolution, the CFL number was 0.509 - 453 

within stable limits. However, as it is suggested to use an internal timestep that is less than the 454 

temporal resolution of the underlying model in particle tracking studies to capture the dynamics of 455 

larval interactions with hydrodynamic features60,61 , we adopted a 1-hour internal timestep, reducing 456 

the CFL to 0.2 and improving model fidelity. 457 

  Optimal particle number 458 

To determine an optimal number of particles per release site (PPS), we ran simulations for 69 days 459 

with PPS values ranging from 100 to 10,000. For each run, we recorded particle start and end cell 460 

IDs and calculated the number of unique cell-to-cell connections. We then fitted a logarithmic model 461 

using SciPy’s ‘curve fit’ function62 to describe the relationship between PPS and the number of 462 

unique connections, capturing the pattern of diminishing returns (Ext. Data Fig. 4). To quantify this 463 

effect, marginal return was calculated as the change in unique connections per 100 additional 464 

particles per site. This approach aligns conceptually with Simons et al.63, who used variance-based 465 

thresholds, but here a curve-fitting method was used to suit scalar connectivity data and improve 466 

computational efficiency. The point of diminishing returns was defined as a marginal gain of fewer 467 

than 1 unique connection per additional 100PPS, reached at ~400 PPS. A “flatline” point - where 468 

gains fell below 0.1 unique connections per additional 100PPS - was identified at ~3,600 PPS. To 469 

ensure compatibility with parallel processing, this was rounded up to 3,648 PPS, yielding 68,140,992 470 

particles per simulation across all 1,225 release sites. 471 

Accounting for variation 472 

To capture seasonal and interannual variability, we ran simulations for four time points (Ext. Dat. 473 

Tab. 2), with particle positions recorded at 19, 35, and 69 days - representing the median and 474 

interquartile ranges of deep-sea planktonic larval durations19. We then calculated Jaccard 475 

dissimilarity64 for each pairwise comparison (e.g., Jan 2019 vs. July 2019) to assess differences in 476 

dispersal pathways, based on binary representations of cell-to-cell connections, and used Cohen’s 477 

Kappa65 to quantify similarity in connectivity patterns. To test whether observed Jaccard values 478 

exceeded random expectation, we performed a permutation test by shuffling one array 9,999 times to 479 

generate a null distribution (Ext. Data Tab. 3). Simulations showing statistically distinct connectivity 480 

patterns were combined prior to connectivity analysis to provide an integrated view of connectivity 481 

across seasonal and interannual scales. 482 

Connectivity Assessments 483 

To assess both the interconnectedness of the existing APEI network and the broader-scale 484 

connectivity patterns across the CCZ, the particle tracking simulation outputs were used to perform a 485 

number of analyses. 486 

APEI Network Functionality 487 

We first isolated particles released from within APEIs, allowing assessment of retention and 488 

exchange within the designated protected areas. To generate summary connectivity metrics, Particles 489 

were tracked from release to settlement, and counts were aggregated by source and destination APEI. 490 

For those settling outside the APEI network, we identified the nearest APEI and calculated settlement 491 

distance, enabling detection of “near misses” - instances where larvae settled just beyond protection 492 
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boundaries. This analysis quantified per-APEI retention, pairwise exchange, and dispersal proximity, 493 

revealing the strengths and spatial gaps in the APEI network. 494 

To evaluate the role of APEIs in supporting impacted regions, we further identified particles released 495 

from APEIs that settled within mining contract areas. This allowed us to calculate the proportion of 496 

mining zones receiving larvae from APEIs, assess which APEIs contributed most to mining-area 497 

recruitment, and determine what share of APEI-released particles ultimately reached these vulnerable 498 

zones. It is important to note that we did not evaluate the habitat suitability of potential source areas 499 

and assumed equal suitability across the network.  500 

APEI support score 501 

1. To quantify each polygon’s contribution to APEI connectivity, we defined an APEI support 502 

score that integrates both the volume and diversity of larval exchange. This metric reinforces 503 

internal connectivity and reflects whether protected populations can support one another 504 

through natural dispersal, promoting long-term persistence. It is based on realised larval 505 

dispersal rather than geometric proximity66. 506 

 The score is calculated as: 507 ܣ௜ = (ܵ + ܴ) ∙ (1 + 2 ∙ min(ܵ, ܴ)ܵ + ܴ ) ∙ ( ௦ܰ + ௥ܰ) 508 

where S and R are the number of particles sent to and received from APEIs, and Ns, Nr  are the 509 

number of distinct APEIs to which particles were sent or from which they were received. 510 

The middle term represents a role balance factor, scaling from 1 (completely one-sided exchange) to 511 

2 (perfectly reciprocal exchange). Polygons with no exchange (S+R=0) were assigned a score of 512 

zero. This formulation prioritizes polygons that not only have high exchange but also support 513 

bidirectional and broadly distributed connectivity with APEIs. The spatial configuration of grid-cell 514 

wise A can be seen in Ext. Dat. Fig. 5. 515 

CCZ-Wide Connectivity Structure 516 

To assess broad-scale connectivity across the CCZ, we applied a gridded network analysis at 100 × 517 

100 km resolution (Ext. Dat. Fig. 3), following a species-agnostic ‘everything is everywhere’ 518 

framework22, and assigned each released particle to a grid cell. Each grid cell was treated as a node, 519 

and larval fluxes between cells formed directional, weighted edges. Network metrics – including 520 

cell-wise  out-degree (source strength), in-degree (sink strength), and betweenness centrality 521 

(connector role) - were calculated using the ‘igraph’ package67, with self-recruitment excluded from 522 

structural metrics to avoid inflating node connectivity (but retained in visualisations and summaries). 523 

Community detection was performed using the fast-greedy algorithm68 to delineate clusters of high 524 

internal and low external connectivity. These communities represent statistical, not biological, 525 

groupings and should not be interpreted as ecological communities in the traditional biological sense 526 

(i.e. assemblages of interacting species). Modularity and assortativity were calculated68,69 to assess 527 

network compartmentalisation. Modularity and assortativity values range from -1 to 1, where 528 

positive modularity indicates strong internal connectivity within communities and negative or low 529 

values suggest weak or diffuse structure. Assortativity reflects whether cells tend to connect with 530 

others of similar connectivity, with higher values indicating stronger preference. Community 531 

characteristics (size, strength, density) were quantified as the number of cells, total connection 532 
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weight (i.e. the number of particles travelling between cells within the community), and the ratio of 533 

realised to possible links, respectively70. 534 

Simulating the impact and recovery of mining 535 

To assess how mining may affect CCZ-wide connectivity, we conducted two complementary 536 

simulations: 537 

1. Mining-origin particle exclusion: To identify transitional zones - cells that shift community 538 

affiliation under future disturbance - we re-ran the community detection analysis using a 539 

filtered dataset excluding all particles released from mining contract areas44. Each cell’s 540 

community identity under full and disturbed scenarios was compared, and cells with differing 541 

assignments were classified as transitional. These zones lie at the boundaries of semi-isolated 542 

dispersal communities and act as ecological bridges; their protection helps preserve regional 543 

cohesion and maintain gene flow in the face of mining pressure. Cells in the grid were given 544 

a binary status (Ti) variable set to 1 for transitional zones and 0 otherwise. 545 

 546 

2. Larval supply to mining regions: we traced the origin cells of all particles that settled within 547 

mining zones. This analysis identified which non mining regions supply larvae to potentially 548 

impacted areas, highlighting critical contributors to potential post-mining recovery and 549 

resilience. For each 100 × 100 km polygon in the CCZ we calculated the number of particles 550 

that reached mining areas, the number of mining areas reached, and the proportion of 551 

particles released from that polygon that reached a mining zone. To derive a composite 552 

mining replenishment score (Mi: Ext. Dat. Fig. 6) for each polygon, we applied Principal 553 

Component Analysis (PCA) to the three metrics. PCA identifies the dominant axis of 554 

variation across polygons and combines the metrics into a single score without relying on 555 

arbitrary weights. The first principal component (PC1), which captured the majority of 556 

variance in the data, was used as the replenishment score. This approach allowed us to 557 

objectively rank polygons by their overall importance in replenishing mining areas, 558 

integrating total contribution, spatial reach, and delivery efficiency into a single continuous 559 

metric.  560 

Identifying scenario-stable connectivity hotspots 561 

To identify grid cells that consistently contribute to CCZ-wide connectivity, both now and under 562 

future mining scenarios, we developed a scenario-stable connectivity score. This metric integrates 563 

two core structural indicators from the gridded network analysis: out-degree (representing source 564 

strength) and node betweenness (indicating stepping-stone importance). Each metric was calculated 565 

under two scenarios: one using the full particle dataset (including particles released from all areas), 566 

and one excluding particles originating within mining contract zones44. All four metrics (two per 567 

scenario) were min–max normalised independently to account for differences in network structure 568 

between scenarios and to ensure equal weighting. Since the absolute magnitude and ecological 569 

importance of each metric (e.g. source strength vs. stepping-stone role) are not directly comparable 570 

or known, normalisation allowed each to contribute proportionately to the composite score22. The 571 

final scenario-stable score (Si) for each cell was calculated as the mean of these normalised values. 572 

This approach prioritises cells that remain important larval contributors and connectors even under 573 

potential mining-induced source loss. 574 

 575 

 576 

 577 

 578 
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Algorithm for APEI Network Optimization 579 

To guide the strategic expansion of the APEI network, we developed a spatial prioritisation 580 

framework to identify high-impact areas for protection, building on the Connectivity Importance 581 

Index (CCI) developed by James et al.22. Our approach targets locations that consistently support 582 

network function and resilience, offering robust, science-based guidance for spatial planning. 583 

 584 

An Integrated Connectivity Value (ICV: Ext. Dat. Fig. 7) for each 100 × 100 km polygon in the CCZ 585 

grid was calculated from the APEI support score (Ai), the mining replenishment score (Mi), and the 586 

scenario-stable connectivity score (Si) with a transitional status indicator (Ti) following: 587 

ܥܫ 588  ௜ܸ =  14 ( ௜ܣ − ௠௔௫ܣ௠௜௡ܣ − ௠௜௡ܣ + ௜ܯ  − ௠௔௫ܯ௠௜௡ܯ − ௠௜௡ܯ +  ௜ܵ − ܵ௠௜௡ܵ௠௔௫ − ܵ௠௜௡ + ௜ܶ) 589 

 590 

We applied equal weights to the four components of the ICV score to ensure that no single criterion 591 

dominates the outcome. This approach reflects the multi-objective nature of the prioritization 592 

process, where ecological function, management relevance, and structural shifts are considered 593 

equally important. Assigning equal weight avoids introducing subjective bias toward any one metric 594 

and aligns with precautionary, inclusive conservation planning principles. To justify this approach, 595 

we assessed pairwise correlations among the components. All correlation coefficients were below 596 

0.5, and the fourth component (reflecting community reassignments) was particularly weakly 597 

correlated with the others (r < 0.1 in all cases). This confirms that the components contribute 598 

complementary information and supports their treatment as distinct and equally weighted in the final 599 

score. 600 

Finally, we developed an iterative spatial algorithm to identify the smallest set of additional grid cells 601 

needed to connect the existing APEI network via observed larval dispersal paths. First, we ranked all 602 

non-APEI polygons by their Integrated Connectivity Value (ICV) and incrementally included them 603 

until all APEIs were connected through mutual dispersal links, ensuring ecological cohesion via 604 

high-value areas. We then refined this network using a graph-theoretic optimization approach 605 

adapted from Steiner tree methods71, which aims to connect terminal nodes through the minimal total 606 

network cost. In our adaptation, we built an undirected graph using only reciprocal exchange links 607 

that met a particle flow threshold (of 1000 particles) and computed the minimal set of paths required 608 

to connect all APEIs. Unlike classical Steiner tree formulations, which minimize geometric or cost 609 

distances, our weighting favoured dispersal routes with strong and symmetrical larval exchange. This 610 

ensured biological relevance while reducing the number of added polygons to the minimum 611 

necessary to maintain functional network integrity. 612 

 613 

 614 

 615 

 616 

 617 

 618 

 619 

 620 

 621 

 622 

 623 
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Extended Data  720 

Figures 721 

 722 

 723 
Extended Data Figure 1: Density distributions of particle dispersal distances for three simulation durations (PLDs): 19 724 

days (blue), 35 days (orange), and 69 days (green). Particle retention within the CCZ was extremely high, with only 725 

0.84% of particles settling outside the CCZ boundaries after 69 days of tracking, and only marginally increasing with 726 

dispersal duration (19 days: 0.23%; 35 days 0.43%). As PLD increased, the median distance travelled by the particles 727 

also increased from 37.74km at 19 days PLD to 80.79km at 69 days PLD (35 days: 55.45km). Variability in dispersal 728 

distance also increased with increasing PLD. Maximum dispersal distances increased substantially, with some particles 729 

travelling up to 553km in 69 days, however median distances travelled remained below 100km, irrespective of dispersion 730 

time. 731 

 732 

 Extended Data Figure 2: Community-level connectivity matrices showing the volume of larval 733 

exchange between communities, normalised by the sizes of source and sink communities. Left: 734 

current system Right: particles of mining area origin removed. Diagonal values indicate self-735 

retention within each community, while off-diagonal elements represent cross-community exchange. 736 

Higher values (red) indicate stronger connectivity. 737 

 738 
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 739 

Extended Data Figure 3: 100 × 100km grid cells (N = 1,225) covering the area of the Clarion-Clipperton Zone (CCZ). 740 

 741 

 742 

Extended Data Figure 4: Marginal returns (unique count increase per additional Particles Per Site (PPS)) as a function 743 

of PPS. The curve was fitted using a logarithmic model to best represent diminishing returns in unique counts as PPS 744 

increases. Orange vertical line marks the point of diminishing returns where the marginal return falls below 1, and the red 745 

vertical line denotes the point at which the marginal return is less than 0.1. 746 

 747 
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 748 

Extended Data Figure 5: Normalised APEI support scores (A) across the CCZ. Grid cells (100 × 100 km) are coloured 749 

by their support for larval connectivity to existing APEIs (dashed black outlines). Higher scores (yellow) indicate 750 

stronger support for network connectivity. 751 

 752 

 753 

Extended Data Figure 6: Normalised mining replenishment scores (M) across the CCZ. Grid cells (100 × 100 km) are 754 

coloured by their composite contribution to larval supply into mining areas (grey polygons), based on total flux, spatial 755 

reach, and delivery efficiency. Dashed black outlines show APEI boundaries. 756 

 757 
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 758 

Extended Data Figure 7: Integrated Connectivity Values (ICV) across the CCZ. Grid cells (100 × 100 km) are coloured 759 

by their normalised ICV, combining APEI support, mining replenishment potential, scenario stability, and community 760 

transition status. Dashed black outlines indicate existing APEI boundaries. 761 

 762 

 763 

Tables 764 

Extended Data Table 1: El Niño–Southern Oscillation (ENSO) Phase Classification for particle release dates (January 765 

and July 2019 and 2023), based on referenced NOAA Reports. 766 

Date ENSO Phase Notes 

   

January 2019 El Niño (weak) El Niño conditions developing; 
officially declared in Feb 201950 

 

July 2019 El Niño (weak; ending) Weak El Niño still present, but 
transitioning to neutral51 

 

January 2023 La Niña (weakening) Ongoing La Niña, with neutral 
conditions expected in the coming 

months52 

 

July 2023 El Niño (developing) El Niño conditions established: 
string event expected by Winter53 
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Extended Data Table 2: Summary of simulation parameters used in the larval dispersal model. 776 

 777 

 778 

 779 

Extended Data Table 3: Jaccard distances, Cohen’s Kappa and permutations test results comparing larval connectivity 780 

across Seasons (January Vs. July) and years (2019 vs. 2023). 781 
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