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Introduction

Patterns of larval dispersal in the marine environment have many implications for population dynamics, biodiversity, fisheries, ecosystem function, and the effectiveness of marine protected areas. There is tremendous variation in factors that influence the direction and success of marine larval dispersal, making accurate prediction exceedingly difficult. The key physical factor is the pattern of water movement, while two key biological factors are the amount of time larvae spend drifting in the ocean (pelagic larval duration - PLD) and the time of the year at which adult populations release larvae. Here, we assess the role of these factors in the variation of predicted larval dispersal and settlement patterns from 15 locations around Aotearoa New Zealand.





Methods

The Moana Project Backbone circulation model paired with OpenDrift was used to simulate Lagrangian larval dispersal in the ocean with basic vertical control across four differing PLD groups (7, 14, 30, and 70 days) for each of twelve months. 





Results

Considerable variation was observed in the pattern of particle dispersal for each major variable: release location, PLD group, and the month of release. As expected, dispersal distances increased with PLD length, but the size of this effect differed across both release location and month. Increased and directional particle dispersal matched some expectations from well-known currents, but surprisingly high self-recruitment levels were recorded in some locations.





Discussion

These predictions of larval dispersal provide, for the first time, an empirical overview of coastal larval dispersal around Aoteaora New Zealand’s main islands and highlight potential locations of “barriers” to dispersal. This dataset should prove valuable in helping predict larval connectivity across a broad range of species in this environment for diverse purposes.
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1 Introduction

For sessile species in the marine environment, dispersal of individuals is primarily conducted in their larval life history stage due to no or very limited movement as adults (Cowen et al., 2007; Cowen and Sponaugle, 2009). Dispersal plays a key role in population connectivity (Pineda et al., 2007), source and sink dynamics (Crowder et al., 2000; Coleman et al., 2017), and the spread of invasive species (Inglis et al., 2006; Levin, 2006; Le Roux and Wieczorek, 2009). Accurate measurement or prediction of larval dispersal is thus crucial to an improved understanding of each of these important processes and hence essential for adequate fisheries and conservation management of marine biodiversity through, for example, the design of marine protected areas (MPAs) and MPA networks (Harrison et al., 2012; Mertens et al., 2018). However, multiple physical and biological factors impact larval dispersal in the ocean, making accurate prediction exceedingly difficult for even one species, let alone an array or community of species, which is usually the ultimate conservation unit of interest. Here, we use biophysical modeling to predict broad-scale larval dispersal and settlement across various physical and biological parameters to provide useful insight into community-level connectivity.

Of the many factors involved, ocean currents play a prominent role in larval dispersal, varying temporally and spatially (Wang et al., 2002; Weersing and Toonen, 2009; Stevens et al., 2019). For coastal marine organisms, spatially heterogeneous currents, which vary at temporal scales ranging from hours to months, can facilitate or impede larval dispersal (Gawarkiewicz et al., 2007; White et al., 2019). Currents may entrap larvae and prevent movement back to the coastline and settlement, keep larvae close to the coast, preventing long-range settlement, or potentially drive larvae to settle very far away (Largier, 2003). Strong ocean currents may come close to the shore in some locations, creating a distinct unidirectional larval flow over considerable distances, while in other locations, a lack of strong coastal currents may lead to dominance of tidal flows, resulting in more local bidirectional larval dispersal (Gilg and Hilbish, 2003; Mitarai et al., 2009). Coastal currents can change temporally due to seasonal temperature changes, winds that vary in strength and direction, or vertical differences in temperature and salinity. These factors impact where warmer/fresher water rise and cooler/saltier water sinks, and the changing gravitational pull of the moon and sun impacting tides and tidal currents (Price et al., 1987; Le Traon and Morrow, 2001; Stevens et al., 2019).

In combination with spatial and temporal variation in ocean currents, the timing of larval release into the ocean also varies among species. Some species may continuously release their larvae, whereas others have multiple release periods throughout the year or only in one very short period (Creese and Ballantine, 1983; Dunmore and Schiel, 2000). Multiple stimuli, including water temperature and tides influence spawning time (Strathmann, 1987; Palumbi, 1994; Pineda et al., 2007; Christy, 2011). Seasonal differences in the timing of larval release modulate the effect of ocean currents on the dispersal and settlement of different species of larvae, as coastal currents can vary over time (Creese and Ballantine, 1983; Dunmore and Schiel, 2000; Shanks and Eckert, 2005; Treml and Halpin, 2012).

Another crucial factor is the time larvae spend in the ocean, as determined by their maximum pelagic larval duration (PLD) and the minimum settlement age. Larvae with a longer PLD are expected to travel and settle further away, and PLD was previously believed to be the primary factor determining larval dispersal distance (Jablonski, 1986; Siegel et al., 2003; Shanks, 2009). PLD determines how long larvae might survive in the water column, but most species can settle before the maximum duration of their PLD, determined by their minimum settlement age, and therefore reduce their dispersal (Roberts and Lapworth, 2001). However, smaller-scale oceanographic features such as eddies and tides (Botsford et al., 1994; Lundquist et al., 2000; Diehl et al., 2007) and topography and bathymetry (Cowen, 2002) are also crucial in influencing the distance traveled, and there is not necessarily a correlation between PLD and dispersal distance (Ross et al., 2009; Shanks, 2009; Faurby and Barber, 2012). An additional factor is larval swimming behavior, which can be exhibited in response to light, sound, temperature, or smell, and assists larvae in returning to the coastline or reefs (Montgomery et al., 2006; Stanley et al., 2010; Radford et al., 2011; Stanley et al., 2011; Hu et al., 2019). Swimming behavior can change through different larval stages, with earlier stages often showing upward swimming and later stages showing downward swimming as larvae prepare to settle (Grange, 1976; Cragg, 1980; Chia et al., 1984; Mann et al., 1991; Emlet, 1994; Cohen et al., 2015; Gravinese, 2018). Factors such as larval size, buoyancy, and physiological changes, including yolk sac depletion and lipid fat reserves, also influence their swimming behavior (Kelman and Emlet, 1999; Harii et al., 2007; Gravinese, 2018; Guzmán-Rivas et al., 2021).

This analysis uses the Aotearoa New Zealand region as a case study to predict broad-scale community patterns of larval dispersal. Aotearoa New Zealand is at the crossroads of various surface and sub-surface currents (Figure 1). In the North Island, the dominant current is the Tasman Front, originating from Eastern Australia and bringing warm subtropical water (Stevens et al., 2019). It meets with the northern shelf of the North Island and continues down the east coast as the East Auckland Current (Roemmich and Sutton, 1998). Near East Cape, it splits into the East Cape Eddy and the East Cape Current. The East Cape Eddy recirculates water back to the northeast, while the East Cape Current flows southward until it reaches the Chatham Rise. Additionally, the northward-flowing Wairarapa Coastal Current meets with the East Cape Current in Hawkes Bay and forms the Wairarapa Eddy (Chiswell, 2000). The west coast currents are less understood, with sparse observations suggesting high-frequency variability (Sutton and Bowen, 2011). The flows on the west coast and north of Cape Egmont are generally weak and variable but north-westerly (Heath, 1982; Sutton and Bowen, 2011). South of Cape Egmont, the d’Urville Current flows through Cook Strait and then southward, interacting with the South Island’s winds and currents (de Lange et al., 2003). On the South Island’s west coast, the variable Westland Current that flows north and south is formed from a Subtropical Front, where the northward flow becomes the d’Urville Current (Heath, 1973; Heath, 1985; Stevens et al., 2019). The Cook Strait experiences fast tidal flows and is dominated by upwellings driven by winds (Walters et al., 2010; Chiswell et al., 2017). At the bottom of the South Island, the Southland Current forms from a Subtropical Front and subantarctic water, wrapping around the bottom and traveling northward up the east coast (Sutton, 2003). These wind-driven currents around New Zealand exhibit seasonality and varying speed and direction at depth (Bell and Goring, 1998). Larval dispersal is also influenced by tidal forces, upwellings, downwellings, smaller eddies, and river inputs (Will et al., 2011).




Figure 1 | Map of release locations used in the biophysical simulations for this study: Leigh Marine Reserve* (LMR), Cathedral Cove* (CTC), Rongokako* (RKK), Castlepoint (CST), Island Bay* (ISB), Kaikoura* (KAI), Seal Point (SPO), Half Moon Bay* (HMB), Doubtful Sound* (DBS), Jackson Bay (JSB), Cape Foulwind (CFW), Okiwi Bay (OKB), Cape Egmont (CPE), Piha Beach (PIH), and the Far North (FRN). Locations within or adjacent to an MPA are indicated with *. Additional locations referenced in text and prevailing currents around New Zealand are shown: Tasman Front (TF), East Auckland Current (EAC), East Cape Eddy (ECE), East Cape Current (ECC), Wairarapa Eddy (WE), Wairarapa Coastal Current (WCC), Southland Current (SC), Subtropical Front (STF), Subantartic Waters (SAW), Westland Current (WC), d’Urville Current (d’UC).



Biophysical models combine essential biological features of larvae with oceanographic features from hydrodynamic data to predict the dispersal and settlement of larvae with varying biological traits across large spatial scales. These models rely on Lagrangian approaches, based on tracking the movement of individual water parcels (and the larvae within them) transported by ocean currents. Biophysical models allow the determination of larval trajectories by advecting particles across geographical locations and depths using ocean currents. Past approaches often modelled larvae as passive tracers (North et al., 2009; Swearer et al., 2019); however, including behavior can have large impacts on the outcome of simulations (Butler IV et al., 2011; Coscia et al., 2013; Leis, 2021). Biophysical models provide an opportunity to determine how the timing of release, PLD, and release location impact dispersal and settlement patterns of benthic marine invertebrates and where possible barriers to settlement are located.

Many approaches have been used to examine the larval dispersal of coastal benthic species around Aotearoa New Zealand, with special attention to species of commercial interest. Chiswell and Booth (2008) used satellite-derived currents and a model incorporating the crayfish Jasus edwardsii metamorphosis to determine sinks and sources in quota management areas. Chiswell (2009) combined satellite-derived currents and drifters from the Global Drifter Program to assess whether larval dispersal reflected mean ocean circulation for the limpet Cellana strigilis. Lundquist et al. (2009) combined particle tracking and hydrodynamic modeling with the DHI software and MIKE 21 to model the hydrodynamics of the Whangarei Harbor to show which sites can recolonize the surrounding areas by cockle Austrovenus stuchburyi. Recent efforts in Aotearoa New Zealand (e.g., Quigley et al., 2022; Chaput et al., 2023) have used the recently developed Moana Project hydrodynamic model (de Souza et al., 2022) with the open-source Lagrangian trajectory software OpenDrift (Dagestad et al., 2018) to assess the dispersal of green-lipped mussels Perna canaliculus. Few studies (e.g., Cecino and Treml, 2021) have examined the larval dispersal of multiple species, and none have undertaken this around Aotearoa New Zealand. Most studies examine a single species and determine the patterns of larval dispersal and settlement for only that species (e.g., Viard et al., 2006; Domingues et al., 2012; Norrie et al., 2020; Quigley et al., 2022). This work uses a biophysical model to predict larval dispersal and settlement patterns for differing PLDs and spawning months from representative locations around the entirety of the coastline of the main islands of Aotearoa New Zealand. It will be most applicable to coastal benthic invertebrate species that rely on planktonic larvae for their dispersal. This study examines the influence of three important physical and biological variables for dispersal: release location, PLD, and spawning time. These simulations will help identify regional communities that are highly connected or isolated, the locations of potential barriers to larval dispersal, and locations that may experience increased levels of self-recruitment.




2 Methods



2.1 Hydrodynamic model

Modeled currents and ocean circulation used in this study were provided by the Moana Project and derived from the Moana Ocean Hindcast model or the “Moana Backbone” (www.moanaproject.org; de Souza, 2022; de Souza et al., 2022), which includes 25 years (1993-2017) of hindcast-modeled oceanographic data. The Moana Backbone uses the 3D primitive equations of the Regional Ocean Modeling System (ROMS) based on the hydrostatic and Boussinesq approximations (Shchepetkin and McWilliams, 2005). The domain ranges from ≈161 to ≈185° E and ≈52 to ≈31° S with an average horizontal resolution of 5 km (4.1 km in the south, increasing to 5.8 km in the north) with 467x367 grid cells covering the ~4,600,000 km2 domain. We chose this model because it is the most recent, highest resolution (5 km) openly accessible model covering the entirety of Aotearoa New Zealand, a necessary condition for a study at the national scale. The 5 km resolution has been shown to be suitable in modeling larval dispersal along the Aotearoa New Zealand coastline (Quigley et al., 2022; Chaput et al., 2023). While higher resolution coastal models have been created for some Aotearoa New Zealand coastal regions, harbors and bays (e.g. Broekhuizen et al., 2011; Montaño et al., 2023), the Moana Backbone is the only available hydrodynamic model that includes the full national domain. The model also includes coastal tides with tidal constituents from the TPXO global tidal solution (Egbert and Erofeeva, 2002). The Moana Backbone uses bathymetry from multiple surveys and the ROMS land mask to determine the coastline. The model reliably replicates the coastal circulation and currents around Aotearoa New Zealand (de Souza et al., 2022). Further information, configuration, and validation of the Moana Backbone model are found in de Souza et al. (2022).




2.2 Particle tracking

Particles representing larvae of marine species were released from 15 locations to determine trajectories and dispersal patterns (Figure 1; Supplementary Table 1). The locations were chosen to be representative of standard sampling sites from a range of genetic studies that have estimated genetic connectivity around the coastline (Arranz, 2017; Arranz et al., 2021a), including sufficient sites to cover the entire coastline and an appropriate number that could be analyzed in biophysical simulations within a reasonable timeframe. Several of these locations were located within or adjacent to existing Marine Protected Areas (MPAs). The exact release locations were determined after preliminary trials on the effect of distance from shore on local recruitment, and locations were chosen as close to shore as feasible that minimized immediate coastal landfall, while recognizing that the model scale was insufficient to resolve nearshore turbulent boundary dynamics, sub-mesoscale fronts and other local scale features that may either increase likelihood coastal entrainment, or alternatively may result in better understanding of features that result in offshore transport (Huret et al., 2007; Poje et al., 2010; Haza et al., 2012; Dauhajre et al., 2019). The minimum distance from the coast was 100 m within modeled grid cells. The open-source software package OpenDrift v1.8.3 (Dagestad et al., 2018) was paired with the hydrodynamic model described above and a larval model to represent several characteristics of larval behavior. OpenDrift is an offline Lagrangian trajectory model which allows many user inputs; more details can be found in Dagestad et al. (2018) and https://opendrift.github.io/.

Four maximum PLD length groups (7, 14, 30, and 70 days, which cover the range of most benthic invertebrate species in the region) were used to determine the impact of PLD on predicted dispersal patterns of a range of benthic marine species. Each group had a minimum settlement age based on the average of species within these four groups, with values of 2.7, 5, 18.2 and 34 days respectively (Table 1; Supplementary Table 2). If particles encountered the coastline or seafloor before their minimum settlement age, they did not settle and returned to their previous vertical height. Particles had a maximum settlement depth of 40 m to avoid settling in deep waters away from the coast. Although this might be deeper than where larvae would settle for some species, this depth gave the best results in sensitivity analysis to account for small offshore islands, which are not included in the ROMS land mask. Particles were categorized as non-settling for further analyses if they did not settle before their maximum PLD. Due to the large extent of the model domain, few particles reached the boundary. We did not include any boundary-specific behaviors, and particles which reached the boundary of the hydrodynamic model would remain in proximity of the boundary.


Table 1 | Parameters used in the biophysical model to determine patterns of larval dispersal around Aotearoa New Zealand.



The model calculated the position of each particle with a 15-minute internal timestep based on the ocean currents and saved outputs with an external timestep of 180 minutes. The advection scheme used to simulate the Lagrangian trajectories of particles was the 4th Order Runge-Kutta algorithm, given suggestions (e.g., North et al., 2009) that it is superior to others available on OpenDrift (Euler and 2nd Order Runge-Kutta). A horizontal diffusivity coefficient of 0.1176 m2s-1 based on equations in Okubo and Ebbesmeyer (1976) and other biophysical model studies around Aotearoa New Zealand (e.g., Norrie et al., 2020) was included in the model to account for sub-grid scale diffusion. Based on similar modeling studies (e.g., Norrie et al., 2020; Quigley et al., 2022), a vertical diffusion constant of 0.01 m2s-1 was included to account for turbulence in the environment, and larvae were assumed to be vertically mixed throughout the water column (Lundquist et al., 2004).

Every 15 minutes, particles were released from within a 2 km radius of the release location, totaling 28,000 particles released over the whole month from each location each month for each PLD group. Reproductive output was assumed to be equal from all locations. Sensitivity analyses revealed that this release amount provided a satisfactory compromise between the time for simulations to run and sufficient particles to estimate dispersal, settlement, and distance traveled. Particles were released at random depths between the seafloor and the sea surface. Due to a lack of data about the mortality or survival of larvae across many species, a daily mortality rate was not included. Post-settlement mortality and other ecological processes were not included for the same reason. Particles were released for simulations representing each of the 25 years of the Moana Backbone model. For the full summary of the model parameters, see Table 1. Data from all 25 years of simulations were combined for analysis to represent where larvae can settle across multiple generations from the release locations.

Other studies have shown that benthic invertebrate larvae typically lack sufficient horizontal swimming velocity to influence horizontal dispersal, but are capable of influencing transport by vertical swimming behavior to move between surface and sub-surface currents (Gary et al., 2020; James et al., 2023). Thus, we included vertical but not horizontal movement as a representative of larval swimming behavior in the model. Before particles reached the minimum settlement age, they were given a positive vertical velocity (upward), and once they were capable of settlement, they were given a negative vertical velocity (downward). Before the minimum settlement age, the larvae are given a vertical velocity of 0.002 m s(-1) to mimic an increased frequency of upward swimming, positive buoyancy, and desire to stay closer to the surface of the water in the earlier larval stages of many species across genera (e.g., Grange, 1976; Cragg, 1980; Sulkin, 1984; Emlet, 1994; Krug and Zimmer, 2004; Tapia et al., 2010; Gravinese, 2018; Montgomery et al., 2019). After particles had surpassed their minimum settlement age, they had a vertical velocity of -0.0025 m s(-1), following the parameters used in Lundquist et al. (2009). Additionally, -0.0025 m s(-1) has been reported as a reasonable estimate of the settling velocity of larvae (Chia et al., 1984). Further, in situ larval behavior parameters (beyond estimated pelagic larval duration) are not available for the majority of species included in this study. Thus, the larval behaviors included in this study are hypothetical larval behaviors based on other studies.




2.3 Post-simulation analysis

Analysis of the OpenDrift simulations was performed with R v4.2.0 (R-Core-Team, 2022). Data was visualized using the package ggplot2 (Wickham, 2016). The distance traveled by particles was calculated as haversine distances between the initial release location and the end location with the ‘distGeo’ function in the R package geosphere (Hijmans et al., 2021). 1D and 2D kernel density estimations (KDEs) were calculated for each site, release month, and PLD group. 1D KDEs represent the probability density of a particle settling a certain distance from the release location, whereas 2D KDEs represent the probability density of a particle settling in a particular location. The significance between differences in maximum and median distance traveled between months, PLD groups, locations, and their interactions were examined with an ANOVA. Only particles deemed to have “settled” by the OpenDrift simulations were used in the analysis. Particle settlement included all particles that had encountered the seafloor or coastline after their minimum settlement age but did not include particles that either reached the boundary of the model grid, or did not settle before their maximum PLD.

Here, connectivity between two locations is defined as the subset of settled particles from one release location that settled within 25 km of another release location. The criterion for a successful connection was any settled particles within the 25 km radius, because even one migrant per generation impacts genetic connectivity (Lowe and Allendorf, 2010). Connectivity was calculated based on both successful dispersal to neighboring release locations from each source location and successful settlement from neighboring locations to each sink location. Probability of settlement from a source was calculated as the number of particles released from that source that settled within 25 km of each other location, divided by the total number of particles released from that source; this total includes particles that did not settle within 25 km of any release location or did not settle during the model simulation period. The probability of settlement from a source sums to one (including unsettled particles) at every source showing the probability of a released particle to end in each sink for a given source. Variance of probability was calculated as sample variance of the probability of settling from each source location over 12 months for each PLD group. The length of time each year that locations were connected by dispersal and successful settlement was measured by the number of months they were connected.





3 Results

The dispersal extent of particles released over the 25-year period of the biophysical simulations varied greatly among maximum PLD groups, and the direction and distance traveled varied substantially among release locations (Figure 2). In the 7- and 14-day PLD groups, most release locations were not directly connected by any dispersal. Particles only reached the boundary of the model in the 70-day PLD group (Figure 2D) with approximately 0.15% of all particles reaching the boundary in this group.




Figure 2 | End locations of all particles released in March for each maximum PLD group: (A) 7 days, (B) 14 days, (C) 30 days, (D) 70 days.



Of the 126,000,000 particles released in the biophysical simulations, 51.65% had settled by the end of their competency period. Predicted settlement rates varied between locations and maximum PLD groups. Typically, the longer PLD groups had a lower predicted settlement. Across all PLD groups, ISB (93.15 – 98.66%) and PIH (80.17 – 94.4%) had the highest percentage of particles resulting in predicted settlement, while KAI (18.93 – 25.02%) and FRN (13.24 – 16.34%) had the lowest (Supplementary Figure 1). Of these settled particles, many settled very close to the release location across all locations and PLD groups. In the 7-day PLD group, more than 50% of settled particles had settled within 5 km across most locations (Figure 3A) and more than 75% within 25 km for all release locations (Figure 3B). With increasing PLD length, fewer particles settled within 5 or 25 km across all locations. However, the impact of PLD varied greatly among locations, ranging from substantial (in HMB and LMR) to minimal (ISB and PIH). Overall, ISB and PIH had the highest local recruitment, while KAI and HMB had the lowest.




Figure 3 | Percentage of settled particles within (A) 5 km and (B) 25 km of the release location across all locations and maximum PLD groups.



When pooling data across all 12 months, the categories of maximum PLD, release location, and their interaction were all highly significant for both maximum and median distance traveled to settlement (ANOVA p < 0.0001). However, the month of release did not have a statistically significant impact on the maximum and median distance traveled (ANOVA p > 0.05). Generally, the maximum (Figure 4A) and median (Figure 4B) distance traveled to settlement increased with PLD. Sites KAI, SPO, and HMB tended to have the largest dispersal distances, while ISB and PIH had the lowest distances traveled, although the patterns were not identical between maximum and median distances.




Figure 4 | (A) Maximum and (B) median haversine distance travelled to settlement (km) on log scale across all maximum PLD group and release location.



The interaction of maximum PLD length and the month of release on the distance from release traveled by predicted settlement particles is reflected in 1D kernel density estimations (Supplementary Figures 2-16). For example, when released from CTC (Supplementary Figure 3), there is a difference in peaks of distance traveled. With a 14-day PLD, there are larger probability density peaks at ~50 km when released in May to October, and with a 70-day PLD, there are larger peaks at ~200 km when released in August, September, November, and December.

2D kernel density estimations show the wide variation in probability density patterns of particles settlement across locations, PLD group, and month (Supplementary Figures 17-76). Comparing across different PLD groups demonstrates that particles travel further and can settle in new locations. Separating by month of release shows monthly variation in where particles can settle. For example, when released from CFW in January and April (Figure 5), particles settled much further south of the release location toward the bottom of the South Island. While when released in January and October, particles could settle further north along the North Island and cover more of the southern coastline of Cape Egmont.




Figure 5 | 2D kernel density estimation of settled particles across four different months, January, April, July and October, with a maximum PLD of 70 days. The black circle is the release location. The color bar is in log scale. Example plot from Cape Foulwind (CFW). All months for each location and PLD group can be found in Supplementary Figures 17-76.



Matrices of probability of settlement to another release location (Figure 6) reveal that there is limited exchange among modeled locations for the 7- and 14-day PLD. While larval connectivity is more common in the 30- and 70-day PLD, it is much more extensive in some geographic regions than others (e.g., along the east coast of the South Island) and is often strongly biased in one direction (e.g., northward along the east coast of the South Island from HMB toward CST). In terms of probability, the most common source of particles for each location was itself; the only exception was for 70-day PLD particles from KAI, which had a higher probability of settling in ISB than in itself (Figure 6D).




Figure 6 | Probability of settlement from each source location to neighboring release locations for 12 monthly simulations for each maximum PLD group: (A) 7 days, (B) 14 days, (C) 30 days, (D) 70 days.



There was also strong variability among months in this larval connectivity. Overall, the number of months where connectivity occurred between modeled locations increased with increasing PLD (Figure 7). Biased periods of bi-directional movement were also common. For example, particles from PIH settled at FRN every month, but particles from FRN settled at PIH only three months of the year in the 70-day PLD group. Variance in the probability of settlement at each PLD demonstrates that the most variability is in self-recruitment, and there was less variance in the probability of settlement in other sink locations (Supplementary Figure 77).




Figure 7 | Months of predicted connectivity between each pair of release location for each maximum PLD group: (A) 7 days, (B) 14 days, (C) 30 days, (D) 70 days.



The patterns of dispersal and settlement from the biophysical modeling can also be summarized on maps of Aotearoa New Zealand (Figure 8), emphasizing patterns that are supported by model simulations of the 70-day PLD group, which had the most connected dispersal events between locations. This summary map highlights several regions of high and largely unidirectional connectivity (along the east coast of the South Island), as well as several regions of relatively low connectivity in both directions (e.g., the NW and SW of the South Island). Differences in connectivity between months reveal spatial variability, where some locations have large seasonal changes in connectivity, whereas others show consistent patterns throughout the year (Figure 9; Supplementary Figures 78-89). For example, along the east coast of the South Island, dispersal occurs consistently in an anti-clockwise direction. On the NE coast of the North Island, the direction and strength often changed (Figure 9).




Figure 8 | Probability of settlement in adjacent locations across all twelve months for particles with a maximum PLD of 70 days.






Figure 9 | Probability of settlement in adjacent locations in four different months, (A) January, (B) April, (C) July, and (D) October for particles with a maximum PLD of 70 days. All months can be found in Supplementary Figures 77-88.






4 Discussion

Differences in patterns of marine larval dispersal around Aotearoa New Zealand were assessed by biophysical modeling across three primary spatial and temporal variables: maximum pelagic larval duration (PLD), release location, and month of release. This modeling simulates the possible dispersal and settlement patterns of a range of rocky reef benthic invertebrates. Overall, the results broadly meet original expectations derived from known currents and previous studies, providing some confidence in them, but there were also unexpected results that enhance our understanding of dispersal around Aotearoa New Zealand. Most modeled particles were predicted to settle far more locally than expected if marine populations were “open” as previously assumed, even for longer PLDs, with many larvae settling close to their release location. In addition, there were surprising levels of variation in predicted dispersal across all three primary variables examined for many PLDs and release locations.

As expected, there was a clear difference in larval settlement patterns among the four maximum PLD groups. With increasing maximum PLD, there was an increase in the maximum and median distance traveled by settled particles. With shorter PLD lengths, distant populations require more generations to become connected through stepping-stone populations. However, there was far less than a proportional relationship between maximum PLD or minimum settlement age and distance traveled by settled particles; particles with a maximum PLD of 70 days did not settle ten times further away than particles with a maximum PLD of 7 days in terms of either maximum or median in most locations and varied between location and release month (Figure 4). Furthermore, there was a high level of local recruitment for all PLD groups (Figure 3), and highest probability of settlement within the source location (Figure 6).

For release location, the results were broadly in agreement with expectations from known currents and previous studies, but the degree of variation among locations was unanticipated. For example, although a general northward dispersal was expected along the east coast of the South Island, due to the Southland Current, the modeling predicted that this region had the highest dispersal and was the most connected with other locations (Figures 7, 9). In many locations, there was a strong unidirectional bias in dispersal (Figure 5). Conversely, there was unexpectedly weak connectivity along the east coast of the North Island, given the known strong currents in this region. There was also notably weak connectivity around the northwest and southwest of the South Island (Figure 9). Local recruitment reached high levels in several locations (>80% within 5 km at ISB & PIH) and was limited in other locations (<10% at KAI) (Figure 3).

The observed temporal variation at many release locations was larger than expected, with some locations showing large seasonal and even monthly differences in direction and extent of dispersal (Figures 6, 7, 9). In contrast, other locations showed reasonably consistent patterns regardless of season or month. When considering the maximum and median distance traveled by particles that reached the coastline within the competency period, the month of release had no overall significant effect, and there was no significant interaction between the month of release and the PLD group or between the month and location of release. However, the 2D density estimation plots exhibited a clear difference in the settling location of larvae between months. The temporal variation in currents around Aotearoa New Zealand is expected to cause differences in settlement patterns between months (Stanton et al., 1997; Roemmich and Sutton, 1998; Zeldis et al., 2004). The statistical tests we performed used maximum and median distances traveled but did not consider the direction of travel (i.e., clockwise or anti-clockwise around the NZ coast), which may be a factor as to why there was no significant overall effect of the month of release, despite the apparent monthly differences observed heuristically in the 2D KDE plots. Our interest was in the general dispersal patterns; however, further directional statistical tests could be used to examine directional changes in more detail.

Our models suggest that the predominant direction of dispersal changes throughout the year along the north-eastern coast of the North Island (i.e., the region around LMR and CTC, subject to the East Auckland Current; Supplementary Figure 20); larval dispersal is mainly northward in January, but this changes to predominant southward movement in April to July. This pattern is seen across many locations, especially on the west coast of the South Island near JSB and CFW (Supplementary Figure 60).

The temporal differences in settlement patterns imply species’ settlement patterns will differ depending on when they spawn. Large differences were sometimes observed at a monthly scale, highlighting the need to consider the dispersal of larvae at smaller temporal scales relevant to spawning patterns such as months or weeks. Although settlement of larvae is expected to differ across months due to the known differences in ocean currents, this study shows how large these differences can be and how these patterns differ between months of release.

The percentage of particles that successfully settled (i.e., reached the coastline or an appropriate depth by the end of their maximum PLD) varied among the release locations and PLD groups (Supplementary Figure 1). CTC, CST, KAI, and FRN had the lowest settlement percentage, which can likely be explained by the intensity of nearshore currents and their orientation concerning coastal topography. Strong nearshore currents can transport particles far from the coastline, preventing them from settling. When released from FRN, particles might be expected to travel east into the South Pacific Ocean due to the Tasman Front/East Auckland Current, while from KAI, they may become entrained in the strong currents going along the Chatham Rise (Figures 1, 2). Although this pattern sometimes occurred, particles from FRN occasionally traveled west into the Tasman Sea and north into the South Pacific, opposite to the direction of the predominant currents of the Tasman Front and East Auckland Current, most likely due to entrainment by eddies and other fine-scale circulation features. Additionally, water flow closer to the shore, where nearshore reef larvae are released, may not align with the nearby dominant surface current (Bradshaw, 1991). In other locations, particles generally followed the nearshore surface currents; for example, from SPO, particles followed the expected trajectory of the Southland Current, with particles traveling east at Banks Peninsula or continuing north, while very few traveled south. The large variation among locations in the probability of settled particles is somewhat surprising but was typically associated with areas of high variability in oceanographic conditions. ISB and PIH had the highest percentages of particles that settled, perhaps because of stronger bidirectional tidal influence in these areas compared to weaker unidirectional longshore currents (Stevens et al., 2019).

The predicted dispersal results observed here are comparable to similar studies from Aotearoa New Zealand, including other studies using the Moana Project Backbone (Quigley et al., 2022; Chaput et al., 2023). Quigley et al. (2022) released particles with a maximum PLD of 42 days and demonstrated similar dispersal to the 30- and 70-day PLD groups when released from locations near those of this study. Another biophysical simulation (Stephens et al., 2006) released particles with a maximum PLD of 9.3 days from East Cape near RKK, and was generally similar to the dispersal of our 7-day PLD group, with a maximum larval dispersal distances of ~80 km. Stephens et al. (2006) used a higher spatial resolution model (200 m), which can better account for tides and waves; thus, particles may be kept closer to the shore, explaining the slightly shorter maximum distance than the ~105 km measured here for the 7-day PLD group. Larval tracking models by Chiswell and Rickard (2011) also showed similar dispersal patterns after ten days at locations proximate to those modeled here for the 7- and 14-day PLD groups.

The percentage of particles that settled close to the release locations was high across most locations (Figure 3). The high levels of local retention were surprising in the longer PLD groups, as larvae could travel much longer before settling began due to their greater minimum settlement age. This result is consistent with the mounting evidence that local retention of larvae is more likely than previously thought and that long-distance events are uncommon even in larvae with long PLDs (Cowen et al., 2000; Cowen et al., 2003; Atalah et al., 2022; Quigley et al., 2022), and this study shows it occurs across a wide range of locations (Figures 3, 7). The distance offshore that particles were released may impact the degree of local retention. We chose realistic release locations that were close to shore but minimized immediate coastal retention. Locations further offshore are likely to lead to less local retention, but will likely be less realistic for coastal benthic invertebrates as they lack sufficient resolution to represent coastal circulation patterns, including those that result in coastal retention as well as those that result in transport out of coastal environment by winds and other coastal processes (Chiswell and Booth, 2008; Chiswell and Rickard, 2011). Local retention and self-recruitment may be higher in models with a higher spatial resolution that more closely reflect reality (Ward et al., 2023). At some sites (e.g., ISB in Cook Strait), local retention was likely driven by tides (reviewed in Cowen, 2002), which had influence even at the 5 km resolution of the Moana Backbone. Cook Strait has very strong tidal forces, which supports the concept that tides can strongly impact local larval retention (Stevens et al., 2019). For example, in the Celtic Sea, particles released in simulations without tides traveled further offshore and spent less time in the local area compared to simulations that included tides (Deschepper et al., 2020). Our simulations also simplified larval behavior and did not include complex swimming and vertical migration that also could increase local retention (Kingsford et al., 2002; Sponaugle et al., 2002; Woodson and McManus, 2007; Mertens et al., 2018; Satterthwaite et al., 2021). Others include ontogenetic behaviors that keep larvae close to the seafloor, resulting in reduced offshore transport (Drake et al., 2013).

Due to the very high level of local retention, ISB appears to be a dispersal sink, while KAI and HMB appear to be sources of dispersal, especially for the longer PLD groups. This pattern is supported by previous studies, where the crayfish management zone CRA 5 (containing the present KAI site) and CRA 8 (containing HMB) were identified as large sources of J. edwardsii (Chiswell and Booth, 2008). In addition, based on genetic data, Stewart Island populations (containing HMB) are more likely to be sources for some species (Thomas and Bell, 2013). Quigley et al. (2022) determined that for P. canaliculus, two populations on Stewart Island near HMB are likely to be sources. HMB, SPO, KAI are within the Southland Current, whereas ISB is downstream of this northward water movement. The influence on distance of strong offshore currents on larval dispersal has also been reported along the Chilean coastline (Aiken et al., 2007). Other sites that were situated adjacent to strong currents exhibited limited local retention for long PLD groups, for example, due to proximity to the East Auckland Current for LMR and CTC, and the Southland Current for KAI.

Variation in larval settlement is important when considering the location and size of MPAs and their networks (e.g., Mertens et al., 2018; Jonsson et al., 2020; Lu et al., 2023). Species with a shorter PLD likely require multiple generations through stepping-stone populations to connect populations within MPAs via larval dispersal. If the intermediate areas that act as stepping-stones are not protected and degraded, the MPA network will not be effectively connected, violating one of the MPA network goals outlined by IUCN (IUCN World Commission on Protected Areas, 2008). The patterns of larval dispersal shown here can be used to assess the adequacy of existing MPAs and whether additional sites are required to ensure effective connectivity for a range of species. For example, this study suggests that an additional MPA would be required between LMR (Cape Rodney-Okakari Point Marine Reserve) and CTC (Whanganui A Hei (Cathedral Cove) Marine Reserve) to serve as a stepping-stone; the southern coast of Aotea Great Barrier Island or the northern coast of the Coromandel could be a suitable area with model predictions of frequent settlement. This study also highlights potential source locations for seed restoration efforts. For example, a population of P. canaliculus (within the 30-day PLD group and which spawns year-round) in LMR could contribute to the restoration of populations throughout the Hauraki Gulf and other surrounding areas.

Varying settlement patterns based on PLD or month of larval release are likely to influence patterns of genetic structure (Ross et al., 2009; Arranz, 2017). The Cook Strait region (more specifically in some species, the NW and NE of the South Island, defined by Farewell Spit and Cape Campbell) has been reported as a genetic barrier for several studied species, from Sypharochiton pelliserpentis with a maximum PLD of 4 days (Veale and Lavery, 2011) to Patiriella regularis with a maximum PLD of 70 days (Waters and Roy, 2004; Ayers and Waters, 2005). However, for all 4 PLD groups across all months, some particles from KAI settled on the North Island. This settlement may imply that the observed genetic barrier may not be due to a complete lack of dispersal or population connectivity, as previously suggested (Ross et al., 2009; Veale and Lavery, 2011). On the other hand, the simulations also reveal no (or extremely limited) dispersal across Cook Strait along any other route apart from KAI to ISB. Dispersal simulations from ISB, CPE, OKB, or CFW reveal limited dispersal across this barrier for all PLD groups, and limited exchange further north between ISB and CST (Figures 7, 8).

Other coastal regions also appear to have relatively low levels of connectivity across PLD groups for all or much of the year and could potentially be considered “barriers” to settlement (Figures 7, 8). These include East Cape (between CTC and RKK) and the far southwest (between DBS and HMB). Several species, including Lunella smaragdus (maximum PLD of 4 days) have been reported to have a genetic barrier in the East Cape region (Arranz et al., 2021b), with the East Cape Eddy suggested as a possible cause through larval retention (Chiswell and Roemmich, 1998). The far southwest region has not generally been recognized as a region of very low connectivity, although the individual fjords in this region are known to be somewhat isolated (Wing and Jack, 2014).

There are several possible explanations for inconsistencies between observed genetic connectivity and predicted dispersal. One alternative for the discrepancy between the previously observed Cook Strait genetic barrier and the results of the current simulations could be that very high levels of self-recruitment and local retention in ISB contributes to this genetic barrier. Self-recruitment could prevent the successful settlement of externally sourced larvae through competition by locally adapted settlers, thus greatly reducing the effects of gene flow (e.g., Waters et al., 2013). Previous studies of P. canaliculus have observed genetic discontinuity across Cook Strait, in spite of adequate larval dispersal (Wei et al., 2013). Density-dependent processes such as competition could be included in biophysical models to account for this effect, and to determine whether they, or other processes such as historical sea level changes in Cook Strait (Goldstien et al., 2006) or environmental adaptations may be responsible for this genetic barrier.

Another potential explanation for discrepancies between the current simulations and realized connectivity (as represented by observed genetic patterns) is that the biophysical simulations neglect some key mechanisms affecting settlement. Particle tracking models can be improved through incorporation of more accurate behavioral and other biological factors (e.g., White et al., 2019; Jahnke and Jonsson, 2022). The details of coastal upwelling events are not yet well understood in Aotearoa New Zealand, and their effects could not be included in the current analyses, but clearly should be incorporated when feasible. Here, we focused on varying PLD and the timing of larval production, through analysis of monthly differences in dispersal, and included basic behaviors to represent retention in the water column during early larval stages, and seafloor seeking behaviors in later larval stages. Excluding larval vertical swimming has been shown to lead to overestimates of dispersal (James et al., 2023). However, limited information is currently available on larval behavior of Aotearoa New Zealand coastal species to parameterize particle tracking models. Model resolution can also be increased, following studies that suggest that lower resolution models predicted less offshore larval movement, perhaps resulting in unrealistically high self-recruitment and along-shore settlement (Ward et al., 2023). This may have an impact on studies using the current Moana Backbone model, although this model has been validated in other larval dispersal studies using genetic connectivity metrics (e.g. Quigley et al., 2022; Chaput et al., 2023).

It is worth considering the potential implications of the current results for future climate change scenarios. From other modeling studies (Figueiredo et al., 2022), it is expected that the greatest effect of climate change on larval dispersal will likely be reduced connectivity and increased self-recruitment due to shorter larval periods in warmer waters, particularly for short PLD species. However, some changes in speed and direction of currents may also be expected, which are likely to more strongly impact long PLD species (Bani et al., 2021). Connections which have high variability between them might be under greater threat to disruption by climate change. For example, locations KAI and ISB are consistently connected for all PLD groups in all months, suggesting a resilient connection to climate change, whereas other pathways such as PIH to ISB may be under greater threat of elimination due to more infrequent connections. It is also possible that new connections may be formed with changing currents in the future.

The results of these simulations are broadly applicable to a wide range of coastal marine species with planktonic larval dispersal, as they demonstrate how PLD length, release location, and spawning month can impact dispersal, and overall patterns of species settlement can be inferred with some caveats (Supplementary Figures 17-76). Many aspects of dispersal and settlement are simplified in this model (such as larval behavior), either because their details are unknown or because they are not common across a range of species. Also some ecologically important factors are not considered (such as predation or competition). Although particles could not escape the model’s domain, an extremely small proportion reached the domain boundaries. However, these particles remained near the boundary and likely did not influence settlement rates due to their distance from the shore. In some locations where settlement is predicted to occur, species-specific habitat requirements may prevent occupation by adults or settlement of larvae. The particular release locations selected here are rocky reefs, however nearby soft-sediment locations are likely to experience similar larval dispersal, especially for species with longer PLDs. Regardless, more detailed patterns of a single species’ larval dispersal will likely be derived from a specific modeling exercise using all available data for that species. However, this is a non-trivial exercise to perform across a broad range of larval parameters, and the results from this study can provide preliminary estimates of dispersal for many species.

The approach used in this study can be applied to other regions to determine if PLDs, locations of release, and months of release have similar influences on predicted settlement of benthic marine larvae. The prevalence of local retention, as observed in this Aotearoa New Zealand study, with many particles settling close to the release location across all maximum PLD lengths and months of release, could be tested both through models and empirical testing. Overall, this study provides a comprehensive suite of coastal larval dispersal scenarios around Aotearoa New Zealand's main islands and offers insights into a range of ongoing ecological issues, including identification of barriers to dispersal, source and sink populations, and connectivity between MPAs.
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