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Identification of Priority Sites to Support Management of Commercially Important Sea Cucumber Species by Applying Infomap and Habitat Filters to Larval Dispersal Data
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Stocks of commercially valuable sea cucumber species have declined in most tropical countries, which supply majority of the global demand. This work aimed to locate priority sites for the management of Holothuria scabra and Stichopus horrens in the western central Philippines. A passive larval dispersal model was run under four monsoonal regimes (Northeast monsoon, dry-transition, Southwest monsoon, and early Northeast monsoon), and the results subjected to the Infomap network detection algorithm. Three clusters of closely related geographical nodes were identified [southeastern Palawan (Group I), western Panay and eastern Mindoro (Group II), and northern and western Palawan with western Mindoro (Group III)]. Remotely sensed habitat data were used to parameterize the degree of connectivity observed among sites (H. scabra spawning and settlement requires the presence of seagrass and mangrove, while S. horrens requires corals and seagrass). Local retention, self-recruitment, settlement success and sink diversity were then calculated for each node with suitable habitat. The locations were ranked according to each metric and those with higher larval export rates, a higher diversity of larval sources and a high degree of successful larval contribution to other sites were deemed crucial for the management of wild populations. Sixteen high-priority sites were identified, distributed mainly along northern Palawan and western Panay. Six sites were common for both species at different seasons, and no single location fulfilled all stated criteria across the four seasons and both sea cucumber species considered. The priority sites for management could serve as broodstock selection and juvenile restocking areas for aquaculture production clusters, which when properly implemented, could lead to an increase in sea cucumber production and contribute to natural populations. On a broader scale, the designation of closely related clusters and incorporation of habitat requirements to dispersal data provided critical input for the delineation of ecologically meaningful management units for sea cucumbers within the region.
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INTRODUCTION

Benthic species connectivity in the marine environment relies on the degree of exchange of pelagic larval stages from habitats where adult populations spawn and subsequent recruitment in areas where the juveniles can survive to sexual maturity. Larval exchange is considered ecologically relevant if the demography of local populations is impacted by the transport between two sites (Cowen and Sponaugle, 2009). Connectivity can be measured using direct methods which rely on first-hand observation or through indirect methods which resolve population connectivity by using genetic markers in increasingly sophisticated analysis methods (Kool et al., 2013; Baetscher et al., 2019). Alternatively, biophysical modeling has become an invaluable technique in determining high-resolution connectivity at greater spatio-temporal scales beyond the limits of traditional approaches (Botsford et al., 2009; Kool et al., 2013). Models are frequently used to inform management decisions with regards to enhancing benthic marine populations (Puckett et al., 2014; Weeks et al., 2014).

Sea cucumbers are highly exploited benthic species marketed as luxury seafood in its dried form as beche-de-mer or trepang. The highest demand comes from China and Hong Kong with most of the supply harvested from tropical countries (Toral-Granda et al., 2008; Purcell et al., 2018). Aside from their economic importance, sea cucumbers are a crucial part of coastal food chains as they are efficient nutrient recyclers, and are themselves prey of higher trophic level predators (Purcell et al., 2016). Unfortunately, majority of sea cucumber fisheries are categorized as either depleted, over or fully exploited, particularly in the Indo-Pacific region (Purcell et al., 2013), while ∼21% of commercially important species are considered threatened (Purcell et al., 2014). Proper management of sea cucumber stock within an ecological framework is a vital concern to maintain the health of coastal ecosystems, increase sea cucumber populations, and safeguard the socioeconomic well-being of fisher folk which rely heavily on the sea cucumber trade (Purcell et al., 2013).

Understanding sea cucumber population connectivity is essential in informing fisheries management but also in ensuring the success of aquaculture efforts. For either restocking initiatives or grow-out operations, hatchery-produced juveniles would ideally have to be released only in locations close to where their source broodstock were collected to avoid deleterious effects from changing the genetic makeup of local populations. The ability to select broodstock from a variety of suitable locations, along with prudent management of the spawning of individuals, are required to sustain and improve hatchery-based sea cucumber aquaculture efforts (Uthicke and Purcell, 2004; Purcell et al., 2012; Juinio-Meñez et al., 2017b). Identification of these suitable locations would be greatly aided by biophysical modeling, however there is currently a paucity of studies which utilize this technique to discern sea cucumber population connectivity in the wild. Shackell et al. (2013) used areas with high densities of Cucumaria frondosa in the Scotian Shelf, Canada as release sites for particle tracking simulations to differentiate between areas which were self-sustaining or had high larval contributions to other locations. Based on the model results, the protection of high-density habitats was recommended in order to sustainably manage the fishery. No counterpart studies have been conducted for any tropical species.

The Philippines is one of the top exporters of dried sea cucumber to Hong Kong (To et al., 2018), which also serves as the primary gateway to the highly lucrative Chinese market (Purcell et al., 2018). Sea cucumber fisheries nationwide are overexploited, with low enforcement capacity for regulatory measures. Integrated and adaptive culture production initiatives are ongoing for Holothuria scabra in various locations to help rebuild depleted populations and diversify sustainable mariculture options accessible to small fishers (Juinio-Meñez et al., 2017b). Stichopus horrens is another commercially valuable species widely distributed in Palawan (Jontila et al., 2014), whose potential for hatchery production is being explored (Palomar-Abesamis et al., 2018). Palawan (Figure 1A) is one of the major sources of dried sea cucumbers in the country. The high diversity of sea cucumbers in the region, overexploitation of stocks, and dependence of small-scale subsistence fisherfolk require concerted efforts to enhance management of these valuable fishery resources (Jontila et al., 2018a). In relation to this, biophysical modeling of these two high value species will be essential in characterizing ecologically meaningful management units (MU) and inform strategic management actions, together with information on genetic structure (Lizano, 2017), species distribution and relative abundance based on landed catch data, key informant interviews and limited field studies (Juinio-Meñez et al., 2017a).
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FIGURE 1. (A) The model domain with three major islands labeled. Romblon Island is north of Panay between 12°N and 13°N, while southern Marinduque is visible to the east of Mindoro (uppermost right of the domain). Coastal release and settlement sites are outlined in black while blue dots correspond to the regional SEAc HYCOM model grid. (B) Summary of habitat presence per node based on satellite data. Coastlines were plotted using the publicly available m_map and m_gshhs packages (Pawlowicz, 2020) through MATLAB R2016a software.


The biophysical model used in this study considered key processes in the life history of the model species including spawning location and timing, larval duration, and settlement in nursery areas. Spawning and settlement were accounted for by integrating the habitat requirements for each species into dispersal data, a method routinely performed for other benthic organisms modeled in the region (Abesamis et al., 2016; Pata and Yñiguez, 2019), but has not been implemented for sea cucumbers.

The Infomap network community detection algorithm was used to detect meaningful relationships and identify “coherent regions” within the domain based on passive larval dispersal data (Bohlin et al., 2014). It enables the grouping of source/settlement sites or nodes into coherent regions where particles moving within a region are relatively isolated from neighboring ones. This method presents several advantages: it only requires the number of particles which settle in a location from a certain source to compute for the weight and directionality of node connections, it doesn’t require an a priori assumption of the number of isolated regions that can be detected, and a region does not need to be composed of the exact same number of nodes, nor does the method impose a minimum nor maximum limit on node number. These advantages allow for the efficient partition of communities within a flow network, such as presented by the marine environment (Ser-Giacomi et al., 2015).

The use of larval dispersal models to address both conservation and fisheries management goals can become complicated, where the former seeks to preserve adult populations to ensure larval supply over longer time scales, while the latter aims to provide a source of income to fisherfolk in the short term. Narrowing down which sites are important to protect within a region for certain species that aligns with both objectives are vastly improved by taking into consideration a variety of metrics (Treml and Halpin, 2012), including local retention, larval import, larval export (Krueck et al., 2017), and source diversity (Dorman et al., 2016). The ecological impact of metapopulations can also be determined by measuring the distances over which it can supply larvae to other populations, or its dispersal kernel (Cowen and Sponaugle, 2009).

The primary objective of this study was to determine priority sites for the management of H. scabra and S. horrens populations in the western central Philippines. This was accomplished by running a passive dispersal model, delineating regions with high probabilities of internal larval exchange using Infomap, and using habitat filters to account for species-specific biological requirements. Larval dispersal metrics were calculated to enable ranking locations in terms of ecological importance in managing sea cucumber populations, and possible use as broodstock collection and restocking locations for aquaculture. Moreover, the results provide valuable information on the coupling of hydrodynamic factors and nearshore habitats that influence population dynamics of benthic marine invertebrates, improving ecosystem based management efforts in this vital biogeographic region.



MATERIALS AND METHODS


Study Site

The study site is in the western central Philippines, covering the coastal regions of the islands of Palawan, Mindoro and Panay, along with Romblon and the southern portion of Marinduque Island (Figure 1A). This region is highly affected by monsoonal winds, with winds coming from the southwest starting May to October, and the northeast during November to April, with peak strength from January to February (May et al., 2011). Currents in the upper 150 m recorded from moorings showed relatively weak northward-flowing currents in Mindoro and Panay Straits for most of the year, with strong southerly flows during the Northeast monsoon (DJF) (Gordon et al., 2011). High (low) rainfall conditions occur from May to October (November to April) during the southwest monsoon (northeast monsoon). The eastern sides of the three major islands have a fairly dry period from November to April, but with the wet and dry seasons not as distinct (Tolentino et al., 2016). This strong seasonal variability led to model simulations being conducted separately per season (Table 1). Furthermore, previous studies have shown that seasonally varying oceanographic currents tend to have a profound effect on passive larval dispersal within the domain (Dorman et al., 2016; Pata and Yñiguez, 2019), while hatchery and rearing practices for cultured sea cucumber required adaptability to changing climate conditions (Juinio-Meñez et al., 2017b).


TABLE 1. Summary of parameters used for the biophysical model.
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Biophysical Modeling

The Connectivity Modeling System (CMS) is an open-source stochastic particle-tracking model used to simulate the dispersal of particles in marine environments (Paris et al., 2013). CMS runs were set to run for 3 months per season [January, February, and March for the Northeast monsoon (NEM), April, May, and June for the dry-transition period, July, August, and September for the southwest monsoon (SWM) and October, November, and December for the early NEM, Table 1] over 1 year (2014) within the model domain (limits: 8.95°N 13.39°E, 117.89°N 122.1°E, Figure 1A). Daily surface currents from a regional Hybrid Coordinate Ocean Model (HYCOM) with a resolution of ∼4.4 km was used as hydrodynamic forcing for CMS model runs. This regional model is nested within the global HYCOM model, and was shown to simulate pertinent circulation features within the Philippine archipelago (Manalaysay, 2017).

Release and settlement sites were assigned as 7 km2 squares along the coastline throughout the model domain (Figure 1A). One thousand particles were released from 20 random points inside each square to account for patchy habitat locations along the coast. Particle transport was driven by surface currents (depth-averaged from 1 to 10 m), and programmed to avoid coastlines whereby velocities from neighboring cells were applied to a particle stuck on a “land” cell until it reached a “water” cell. Release of new cohorts was scheduled for new moon dates within each seasonal run to mimic sea cucumber spawning behavior (as detailed by Al-Rashdi et al., 2012; Hu et al., 2013). For the peak spawning months of April to June (Juinio-Meñez et al., 2013), the number of particles released per grid cell was doubled. Model particles were viable for settlement after 10 days, up to a maximum of 20 days. These limits were based on Pelagic Larval Duration values observed in situ for H. scabra (Agudo, 2006; Al-Rashdi et al., 2012) and S. horrens (Hu et al., 2010, 2013). Mortality within the biophysical model was accounted for by reducing the larval cohort by half every 90 days.



Delineating Marine Provinces Using Infomap

Grid cells which acted as release and settlement locations (total of 480 grid cells; Figure 1A) were grouped spatially to within a radius of 10 km, producing a total of 127 nodes (Figure 1B). Ten km is the lower limit of the range of recommended sizing and spacing between adjacent MPAs based on predicted larval dispersal distances (Weeks et al., 2010). Each node was assigned to a municipality based on proximity (Figure 2 and Supplementary Table S1, PhilGIS, 2020), and represented a possible functional unit of protected marine area.
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FIGURE 2. The three provinces delineated by Infomap based on particle dispersal data for the dry-transition period. Municipal boundaries are shown on landmasses, and names per node location are listed in Supplementary Table S1. Inset shows a close-up of locations around Coron Island. Triangles pertain to locations where samples were collected for H. scabra genetic analysis used in Ravago-Gotanco and Kim (2018), and the black triangle for their Coron sample also corresponds to the location of the Palawan Aquaculture Corporation site from Juinio-Meñez et al. (2017b).


All particles released from or which settled within a grid cell were then combined with those of other grid cells assigned to the same node. Seasonal data on the number of particles released and settled, as well as directionality between nodes, were subjected to the Infomap network community detection algorithm. The provinces represented spatial units with a high degree of exchange between nodes given the underlying seasonal hydrodynamic conditions. To determine the reliability of the calculated marine province boundaries, the coherence ratio was computed per province using the following formula (Ser-Giacomi et al., 2015):
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where [image: image] is the coherence ratio per province B within the domain (A), t0 is the initial release time step and τ is the settlement time step, m(Bi) is the total number of particles released within the whole province, regardless of whether or not they settled successfully, i and j refer to node locations, and P(t0,τ) is the total number of particles which were able to settle within the province. Essentially, higher coherence ratios signify a higher proportion of particles which were released in a province that stayed within its boundaries throughout the simulation, and reflects groupings with minimal particle leakage to other provinces (Rossi et al., 2014).

Dispersal matrices were constructed based on the node locations. These nodes were grouped according to the marine provinces from the seasonal run with the highest coherence ratios, and this framework applied to outputs from all other seasons. Settlement probabilities within dispersal matrices were computed as the total number of particles that settled in a node divided by the total number of particles released over each 3-month seasonal run.



Incorporating Habitat With Connectivity by Multiplying Passive Dispersal and Habitat-Based Matrices

The availability of certain habitat types is essential to the life cycles of H. scabra and S. horrens. Both species have similar nursery yet different adult life preferences. Stichopus juveniles require seagrass, while adults migrate to adjacent coral reef habitats (Eriksson et al., 2012, 2013; Palomar-Abesamis et al., 2016). Holothuria juveniles had higher survival rates in areas with mangrove-seagrass environments (Dance et al., 2003) or intermediate seagrass cover (Ceccarelli et al., 2018). Adults tend to aggregate in seagrass beds (Dissanayake and Stefansson, 2011), and prefer areas with nearby mangrove stands (Jontila et al., 2017). Thus in the model, for an area to be a viable “sink” or settlement location for H. scabra it should contain seagrass and mangroves and for S. horrens, seagrass adjacent to a coral reef. On the other hand, the “source” or spawning sites for adult H. scabra are locations with seagrass and mangrove cover and coral reefs for S. horrens.

Total coral, seagrass and mangrove areas in km2 were measured along the coastlines of the domain using satellite imagery (Blanco et al., 2014). The datasets used were mangrove, seagrass and coral maps from 2015 to 2018 downloaded from the Landsat 8 satellite of the US Geological Survey. The area per habitat type within a release/settlement grid cell from the CMS model was calculated using QGIS software (Supplementary Figure S1, QGIS, 2019). Similar to particle dispersal data, total habitat area was tallied for all grid cells grouped within a 10 km radius, then allocated to a representative node (Figure 1B). Habitat indices were calculated as the fraction of total habitat area out of 5 hectares (0.05 km2), a typical limit designated for sea cucumber ranching activities (Juinio-Meñez et al., 2013). Sites with habitat area greater than 0.05 km2 were assigned an index of 1. “Source” matrices contained the habitat index for a node location across rows and “sink” matrices had the index across columns (Supplementary Figure S2) to mirror the structure of passive dispersal connectivity matrices. Habitat-derived matrices were then multiplied with those from seasonal passive dispersal model runs to account for the source and sink requirements of H. scabra and S. horrens (Table 1). This technique assumes sites with a similar index will have an identical level of support for sea cucumbers despite differing habitat conditions, i.e., a site with 90% coral and 10% mangrove would have the same effect on settlement probability as a site with 10% coral and 90% mangrove. Since the presence and proximity of complementary habitat conditions act to support wild populations within a narrow spatial range (Dissanayake and Stefansson, 2011; Eriksson et al., 2012; Jontila et al., 2017, 2018a), this is deemed a reasonable assumption. Applying habitat matrices serve mainly to remove sites with no viable substrate for spawning and settlement, and to parameterize the settlement probabilities derived from passive dispersal.



Calculating Connectivity Metrics for Comparison of Node Performance

The larval dispersal kernel was estimated as the total number of particles that settled within 10 km increments from their source node until a maximum distance of 1,270 km (based on 127 total nodes roughly 10 km apart). Four indices were used to characterize the degree of connectivity for each node: local retention, self-recruitment, average settlement success, and sink diversity index. Each index was calculated per location for each season and species, then ranked to determine which sites maximize larval exchange from a higher diversity of sources while also minimizing local retention.

Local retention LRi refers to the ratio of particles released by a source node retained in the same location to the total number of particles released from that node (Dubois et al., 2016):

[image: image]

where Pi,j refers to the particles released by the node i and settled in the same node i. Nodes with high values of this parameter are likely self-persistent.

Self–recruitment (SRi) is the fraction of particles successfully settled in a node which originated from the same node (Dubois et al., 2016):

[image: image]

where Pi,i is the number of particles released by a node which settled in the same node and the denominator is the sum of all particles which settled successfully in the node regardless of source (N is the total number of nodes, and Px,i is the total number of particles released from all nodes which settled in node i). Self-recruitment measures the fraction of settlers within a location that was locally produced.

Average settlement success is a measure of the number of particles released from a node which settled successfully on other nodes (Dorman et al., 2016):
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where C(so,si) is the connectivity between a source and sink node, S(so,si) is the total number of particles from a source which settled on separate node locations, and R(so) is the total number of particles released by a source. High settlement success establishes a site as an important source for other sites within the domain.

The source diversity index is based on the Simpson Index of Diversity (Dorman et al., 2016):
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where D(si) is the diversity index, ni is the number of larvae from a specific source (so), and N is the total number of larvae which settled on a node. This index measures the number of sources (richness) and number of larvae from each source (evenness) which supply a given sink.



RESULTS


Hydrodynamic Features of the Domain and Marine Provinces Calculated by Infomap

Surface current flow within the domain was highly seasonal, and dominated by the Mindoro Jet, a fast-flowing southward current that moves between Mindoro and northern Palawan islands (Figure 3). It was strongest during the early NEM, followed by the SWM, weak during the NEM and weakest during the dry-transition period. During the NEM and its early onset, the current moved past the Mindoro Strait and southeastward into eastern Palawan. It reached only up to Cuyo and Magsaysay Islands near 11°N 121°E during the SWM, and a similar pattern was observed during the dry-transition months, with much weaker flow. Eastern Mindoro had a similar strong southward-flowing current through the Tablas Strait (located 11–12°N 121.5–122°E). Along the coasts of western Palawan and Panay, weak flows were observed year-round.
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FIGURE 3. Average surface currents per season: (A) NEM, (B) dry-transition, (C) SWM and (D) early NEM from the regional SEAc HYCOM model used for forcing the larval dispersal model. Color overlay represents current magnitude in ms– 1 and uses the colormap speed from the cmocean toolbox (Thyng et al., 2016).


Each season had a different set of marine provinces based on Infomap (Supplementary Figure S3). Calculated coherence ratios per group across seasons had a significant difference based on one-way ANOVA (p < 0.05, Supplementary Table S2). The provinces determined using Infomap for the months of April, May, and June (dry-transition season) had the highest coherence ratios, likely due to having twice the number of particles released during this run (Table 1). These node groupings were subsequently used for the connectivity matrices across all seasons and sea cucumber species considered. The domain was effectively divided into three marine provinces namely: southeastern Palawan (Group I), eastern Mindoro and western Panay, with Romblon and southern Marinduque (Group II), and western and northern Palawan with western Mindoro (Group III). For smaller islands near 11°N 121°E, Magsaysay and Cuyo Islands were under Group II, while Agutayan was classified under Group III (Figure 2 and Supplementary Table S1).



Connectivity Matrices for Passive Dispersal and With Habitat Matrices Applied

For the passive dispersal runs, majority of settlement probabilities were below 0.5 with stronger connections concentrated on the diagonal of the connectivity matrix (self-seeding) and among nodes within each marine province (color-coded rectangles within connectivity matrices for Figure 4 correspond to color-coded locations in Figure 2). The dry-transition season had the highest number of connections (1,887), followed by the SWM (1,615), NEM (1,590), and early NEM (852). Group I sites were generally weak sources for Group II and III, having the most connections during SWM. Group II was a strong source for Groups I and III during the NEM and early NEM period, while being a weaker source during the dry-transition and SWM. Group III was a relatively good source for Group I throughout the year, and was a weak source for Group II only during the SWM. As a sink, Group I received a considerable amount of particles from both groups regardless of the season, but especially during the NEM. Throughout the year, Group II locations were not good sinks, with no larvae from Group I reaching Group II during the dry-transition period. They served as weak sinks for Groups I and III during the SWM. Group III was a good sink for Group I and II only during the NEM and early NEM (Figure 4).
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FIGURE 4. Settlement matrices for seasonal runs: (A) NEM, (B) dry-transition, (C) SWM, and (D) early NEM. Nodes are arranged according to the dry-transition coherent regions, with color-coded rectangles corresponding to the three marine provinces from Figure 2. The color overlay of markers within settlement matrices represents settlement probability values and uses the colormap gray from the cmocean toolbox (Thyng et al., 2016).


Out of 127 total nodes, 41 had all three habitat types, 23 had both seagrass and coral, 2 had seagrass and mangrove, 1 location had only seagrass present, and 60 nodes had no habitat coverage (Figure 1B). This translates to 43 suitable locations for H. scabra, and 64 for S. horrens (refer to Table 1). As such, the use of habitat area to scale settlement probabilities resulted in decreases in the total number of connections per season H. scabra (Supplementary Figure S4): NEM = 78%, dry-transition: 71%, SWM = 81% and early NEM = 85%; S. horrens (Supplementary Figure S5): NEM = 67%, dry-transition: 62%, SWM = 72%, and early NEM = 75%, and a reduction in the number of connections with relatively high settlement probabilities (Figure 5). Locations for H. scabra were concentrated in Groups II and III, as most of the southeastern Palawan sites (Group I) had no suitable habitat (Figure 1B). S. horrens had a wider distribution of appropriate locations among the three marine provinces.
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FIGURE 5. Histogram of settlement probabilities per season (rows from top to bottom: NEM, dry-transition, SWM and early NEM) under passive transport (column 1, purple-shaded bars), H. scabra (column 2, red-shaded bars), and S. horrens (column 3, green-shaded bars) habitat conditions. Most connections had a probability of less than 0.2, and for passive transport conditions approximately 1,000 connections had probabilities equal to or less than 0.1. The maximum number of connections plotted was capped at 100 to emphasize changes in the number of connections with probabilities greater than 0.2 for H. scabra and S. horrens.




Larval Dispersal Kernel and Ranking Locations Based on Connectivity Metrics

The estimated larval dispersal kernel for the passive dispersal model runs showed that on average, majority of particles (>50%) settle within 200 km of their source site, with a high concentration of particles settling within 50 km (Supplementary Figure S6). The highest number of successfully settled particles were observed during the dry-transition season, followed by the NEM, SWM, and early NEM. S. horrens had more suitable locations than H. scabra, and thus more particles were present in the S. horrens dispersal kernel.

The local retention, self-recruitment, average settlement success and sink diversity index values were calculated per location for H. scabra (Figure 6) and S. horrens (Figure 7). Locations were ranked according to these values, and Figure 8 summarizes the locations of sites in the bottom 10% (top 25%) in terms of local retention and self-recruitment (average settlement success and sink diversity index). Priority locations varied seasonally, and no site consistently met all criteria across seasons and both species. For local retention and self-recruitment, there were six sites in total that were bottom ranked, with four sites in common between both species and two sites that were for S. horrens only. For settlement success and source diversity index, 10 sites were top ranked with 2 in common for both species and 5 (3) for H. scabra (S. horrens) only (Table 2).
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FIGURE 6. Local retention (column 1), self-recruitment (column 2), settlement success (column 3), and sink diversity (column 4) values for locations with suitable habitat for H. scabra species for the NEM (row 1), dry-transition (row 2), SWM (row 3), and early NEM (row 4). Locations are colored according to their marine province (Group 1 = purple, Group 2 = cyan, and Group 3 = yellow). Local retention and self-recruitment (settlement success and source diversity) values are shaded according to the representative colorbar on the left (right) and as such, possible priority locations are in darker shades for all maps.
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FIGURE 7. Local retention (column 1), self-recruitment (column 2), settlement success (column 3), and sink diversity (column 4) values for locations with suitable habitat for S. horrens species for the NEM (row 1), dry-transition (row 2), SWM (row 3), and early NEM (row 4). Locations are colored according to their marine province (Group 1 = purple, Group 2 = cyan, and Group 3 = yellow). Local retention and self-recruitment (settlement success and source diversity) values are shaded according to the representative colorbar on the left (right) and as such, possible priority locations are in darker shades for all maps.
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FIGURE 8. H. scabra (A) and S. horrens (B) locations which belong in the bottom 10% (top 25%) of local retention and self-recruitment (average settlement success and sink diversity index) represented as squares (circles) and colored according to their marine province (Group I purple, Group II cyan, and Group III yellow). Overlaid symbols correspond to the season wherein a location was ranked as such, with some locations top-ranked for 2 seasons.



TABLE 2. Summary of identified priority sites for management of H. scabra and S. horrens populations in the western central Philippines.
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DISCUSSION

The use of a biophysical model enabled the simulation of seasonally variable passive dispersal transport for sea cucumber larvae in the western central Philippines. High-priority locations for management purposes were established by delineating groups of sites with high internal exchange, incorporating habitat preferences for spawning and settlement, and ranking locations in terms of their possible contribution to network persistence and high genetic diversity.


Hydrodynamic Features of the Domain and Marine Provinces Calculated by Infomap

The hydrodynamic model used (regional SEAc HYCOM) replicated important features of surface circulation within the domain, particularly near the Mindoro Strait (Figure 3), which has a strong southward current (Mindoro Jet) due to the influence of the West Philippine Sea (Gordon et al., 2011). The observed seasonal variability of surface currents for the regional SEAc HYCOM model were similar to those simulated by Han et al. (2009) which used a 3-year 5 km resolution Regional Ocean Modeling System (ROMS) model validated with cruise and satellite observations. The range of magnitudes, and patterns of maximum flow were also similar. Dorman et al. (2016), which used a 45-year 5 km ROMS model of the South China Sea, also showed similar seasonal patterns. In summary, the similarity of seasonal variability captured by the regional SEAc HYCOM model to others run over longer periods of time suggests that the hydrodynamic forcing is sufficiently robust to support the estimated connectivity from particle dispersal.

The coastal nodes assigned according to municipality (Figure 2 and Supplementary Table S1) were grouped into marine provinces using the network connectivity detection algorithm of Infomap. The groupings for the dry-transition period were used as the framework for all seasons: Group I covers southeastern Palawan, Group II includes eastern Mindoro and western Panay while Group III covers western and northern Palawan, with western Mindoro (Figure 2). These groupings corresponded with previously established national marine biogeographic regions wherein Group III locations fall under the South China Sea region, and Groups I and II are covered by the Sulu Sea region (Nañola et al., 2006). Similar geographic clusters with covarying connectivity patterns were identified using detailed analysis of a connectivity model of coral reef, fish and sea urchin species within a much larger domain (the North-Indo West Pacific). The recognized clusters included the northern Sulu Sea (Groups I and II) and northwestern Palawan (Group III) (Pata and Yñiguez, 2019). From a management perspective, the coherent provinces calculated by Infomap provides a baseline to identify prospective sea cucumber fishery management clusters in the area. Designating protected areas can lead to less exploitation, which encourages population recovery and growth. Over time, these can serve as possible larval sources for depleted sites (Dolorosa, 2015). These provinces could guide the design and formation of inter-municipal alliances, some of which are already present within the domain. However, there are still major roadblocks toward their implementation and the measurement of benefits produced by such collaborations (Horigue et al., 2012).



Passive Dispersal Connectivity and the Effect of Species-Specific Habitat Matrices

Generally speaking, Group I is a weak source and a good sink, Group II is a good source and a weak sink, and Group III is a good (weak) source for Group I (Group II) and a weak sink for both (Figure 4). The major forcing for these patterns was the changes in the strength and extent of the Mindoro Jet as it fluctuated seasonally. For example, as it strengthened during the NEM, the current was able to transport particles from the northern and western areas of the domain (Group III) into the southern and eastern regions (Groups I and II). The relative positions of the groups to each other also influence their connectivity (the downstream location of Group I compared to Groups II and III and the upstream position of Group III compared to Group II, Figure 2). Previous work by Melbourne-Thomas et al. (2011) in the South China Sea region found similar connections, with a high degree of larval exchange from western Panay (Group II) to eastern Palawan (Group I). Additionally, they found strong self–recruitment within eastern Palawan sites (Group I) and within western and northern Palawan and western Mindoro (Group III), supporting their delineation as separate populations.

To a certain extent, biophysical modeling data can be used to corroborate differentiation in marine populations detected through molecular genetic techniques (Truelove et al., 2017). Analysis of microsatellite marker data of S. horrens populations showed that samples derived from Romblon (Group II) and Puerto Princesa (Group III) were distinct (Lizano, 2017). Within the western central Philippines, H. scabra samples collected from Romblon and Panay Island (Group II) and northern Palawan (Group I) were characterized as separate groups (Figure 2, Ravago-Gotanco and Kim, 2018). Samples from El Nido and Coron in northern Palawan were radically genetically divergent from the rest, and the authors’ proposed mechanism of the strong Mindoro Jet acting as a barrier to transport to other regions was also evident in this biophysical model. El Nido and Coron were classified further as separate genetic populations, but in this study were categorized into Group I under Infomap. The area between El Nido and Coron houses a number of small islands which can induce highly localized flows and eddies not captured by this model. The 10 km resolution between nodes may not be able to distinguish between these populations, whose disparity is otherwise captured in genetic sampling. Nevertheless, the present model answers questions of connectivity at a broad-scale, and higher-resolution models will be required when focusing on more localized domains.

The application of habitat matrices representing sea cucumber life cycle requirements to the particle dispersal model resulted in a downscaling of the settlement probabilities (Figure 5) and assumed connectivity between nodes (Supplementary Figures S4, S5). This reflects the importance of considering benthic habitat for larval settlement and adjacent suitable adult habitats in evaluating the population connectivity of marine species with biphasic life histories such as sea cucumbers. Generally, the incorporation of the habitats constrained hydrographic connectivity indicating that connectivity among populations is highly dependent on the extent and distribution of critical nearshore habitats. Populations of benthic species with pelagic larvae may benefit from a network of marine reserves which take into consideration the habitats critical for survival of its different life stages (Baetscher et al., 2019).

Fishery data from previous studies (i.e., where species were collected or observed) can validate basic information on species habitat used for the habitat matrix method. For Palawan, the municipalities of Quezon (node 81), Roxas (node 8), El Nido (Taytay, nodes 82, 84, 86, and 98), and Araceli (node 14) contained populations of H. scabra and S. horrens (Jontila et al., 2014), although Quezon and Roxas had relatively low populations of commercially important species due to intense collection activities (Jontila et al., 2018b). For the islands of Mindoro, Panay, Romblon, and southern Marinduque, these types of sea cucumber survey data were not readily available.

However, the inclusion of habitat data in this study was highly reliant on the quality of satellite information, which may not wholly capture the nearshore marine environment at high-resolution scales. Rasa Island near Narra, Palawan had extensive mangrove, coral and seagrass environments with a relatively high density of H. scabra and S. horrens individuals (Dolorosa et al., 2017). This area had no suitable habitat according to satellite data (node 18 in Figure 2; see Figure 1B). This was also the case for Arreceffi Island in Honda Bay (Jontila et al., 2017, 2018a, node 2 in Figure 2; see Figure 1B). Surveys on both islands were conducted in 2015, which was within the temporal range of the satellite data used (2015–2018). Additionally, locations which were classified as having only coral and seagrass habitats (no mangroves) had observations of H. scabra for surveys conducted from 2012 to 2013 (Roxas, El Nido and Araceli, in Jontila et al., 2014). The outlined habitat matrix method presents a preliminary effort to incorporate habitat information with larval connectivity models in a data-poor setting. Fine-tuning the method would entail improving satellite estimates coupled with in situ validation through widespread, consistent surveys of sea cucumber populations in coastal environments. Building up the capacity to conduct populations surveys is of vital concern to protecting sea cucumber resources (Jontila et al., 2018a). Such future efforts might improve modeling outcomes, for example, a combination of habitat remote sensing and fisher folk survey methods were successfully used to guide future planning for MPA networks at the municipal level for Sogod Bay, Philippines (Kockel et al., 2020).



Larval Dispersal Kernel and Nodes Ranked Based on Connectivity Metrics

The dispersal kernel showed that most particles settled within 50 km of their source node, regardless of the season and species considered (Supplementary Figure S6). There was strong interconnectivity of larval flow within the coherent provinces determined using Infomap (Figure 4, refer to connectivity within shaded rectangles on the matrices). Previous biophysical modeling efforts within the Philippines exhibited similar trends for coral reef and reef-associated species (Melbourne-Thomas et al., 2011; Dorman et al., 2016; Abesamis et al., 2017; Pata and Yñiguez, 2019), which collectively point to the need for protected area networks to be relatively closely spaced to maximize conservation efforts.

Most sites with suitable habitats for both species had low local retention and self-recruitment values (<0.5, Figures 6, 7). This indicates that the domain would be considered relatively open, with a high degree of particle exchange among locations, as opposed to relying on self-recruitment to sustain populations (Dubois et al., 2016). Values for average settlement success, which quantifies the number of particles from one node which successfully settled in others, were relatively low for most nodes (<0.5, Figures 6, 7). Source diversity index values, which measure the variety and intensity of sources for each node, were high (>0.5) for most locations (Figures 6, 7). Ranking the nodes in terms of these four criteria (Figure 8) gives 16 nodes with possibly high genetic diversity (as they receive more larvae from other nodes and have low retention of locally produced larvae), and those who would contribute more larvae for successful settlement elsewhere, along with reduced self-recruitment (Dubois et al., 2016; Krueck et al., 2017). Unfortunately, no single site was able to match all four criteria for both species across all seasons (Table 2).

High-priority locations belonged mainly to Groups II and III, with only 1 location for Group I. The distribution of these locations and their seasonal variability (Table 2) offers adaptable options for aquaculture requirements. Sites within northern Palawan (Coron, Busuanga, and Linapacan) could support existing aquaculture efforts as these are nearest to the Palawan Aquaculture Corporation hatchery (Figures 2, 8, Juinio-Meñez et al., 2017b). Mindoro Island had one priority location in Magsaysay, Panay had Tibiao, Ibajay, and San Jose de Buenavista while Palawan had Dumaran. Each of these sites are on larger islands which could possibly develop the infrastructure required for aquaculture. For more remote locations [Magsaysay (11°N 121°E), Caluya (12°N 121.5°E) and San Jose (12°N 122°E) Islands] which might have difficulties developing similar infrastructure, wild stock management and protection could be feasible initial steps.



Limitations of the Study and Recommendations

The study had several limitations, which could be addressed in subsequent research efforts. It does not account for interannual variability, although seasonal patterns of connectivity are typically dominant in the region (Dorman et al., 2016; Abesamis et al., 2017; Pata and Yñiguez, 2019). It is acknowledged that sea cucumbers would have a more complex finer scale relationship with habitat than suggested by the method used (e.g., response to settlement cues, changes in growth rates, etc.). Incorporating other variables into the biophysical model such as reproductive output, larval settlement and survival rates would also be beneficial (White et al., 2019). Expanding the collection and validation of habitat data by a combination of remote sensing and in situ means would refine model outcomes.

Overall, this work represents a significant effort to define ecologically meaningful MUs for tropical sea cucumbers using biophysical modeling. The results were an important component of a multi-criteria decision support process developed to determine the boundaries and initiate the development of MUs within the region (Juinio-Meñez et al., 2017a). Fisheries enhancement for sea cucumbers is particularly reliant on improved governance and local fisher involvement (Jontila et al., 2018a), which were also taken into consideration in the decision-making tool. The priority sites provide a starting point by which future management plans may build on by strengthening local efforts to manage the wild sea cucumber fishery or creating new management areas where breeding populations can be established and maintained through restocking hatchery produced juveniles. Consistent with responsible restocking practices, these juveniles should be produced from broodstock from the same genetic stock to conserve genetic variability and ensure resilience of local populations to changing environmental conditions (Juinio-Meñez et al., 2017b). Additionally, this approach approximated the biphasic life cycle of the species along with a consideration of their habitat requirements and may potentially be used as a template for other commercially and ecologically important nearshore benthic organisms in seagrass beds, coral reefs and mangrove areas.
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Season

JFM, JAS

JFM
AMJ

JFM, AMJ
JAS
AMJ, OND
AMJ

JAS

S. horrens.
Name

(1) Ibajay, Panay (2)

(2) Tibiao, Panay

(3) Caluya, Panay (3)

(4) Magsaysay, Palawan (2)
(5) San Jose, Romblon

(6) Busuanga, Palawan (3)

(1) Coron, Palawan (9)

(2) Magsaysay, Occidental Mindoro
(@) Dumaran, Palawan (4)

(4) Linapacan, Palawan (7)

(5) Linapacan, Palawan (1)

Lon

12211

122.02
12157
121.08
12191
119.83
120.32
121.22
119.70
119.70
120.12

Lat

11.86

11.32
11.89
10.86
12.08
12.27
11.83
12.22
10.44
11.42
1145

Season

AMJ, JAS

JFM, JAS
JFM

JFM, AMJ
M
JFM
JAs

JFM, AMJ

AMJ, OND
AMJ

IEM, AMJ = dry-transition, JAS = SWM, and OND = earfy NEM). Highlighted sites are common across species.
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Season Northeast monsoon Dry-transition Southwest monsoon Early NEM

Time duration January to March 2014 Aprilto June 2014 July to September 2014 October to
December 2014
Al simulations were run until 20 days after the last particle release date
Hydrodynamic forcing Regional HYCOM simuation with high-resolution vertical structure (41 layers) and bathymetry (GEBCO 30 min data)
(Manalaysay, 2017)
Date of particle release January 2 April 29 July 27 October 24
(every new moon) January 31 May 29 August 25 November 22
March 1 June 27 September 24 December 22
March 31
Number of particles released 1,000 particles for 20 random 2,000 particles for 20 random 1,000 particles for 20 random 1,000 partcles for 20
locations per grid cell locations per grid cell (twice the  locations per grid cel random locations per grid
Usual number since these are cel
peak spawning months)
Pelagic larval duration 10 days (age of particle before it starts to settle) to 20 days (maximum time larvae is viable)
Habitat Use habitat matrix for multiiication with passive dispersal settlement matrix

Habitat indices calculated as % coverage out of 0.05 km? per habitat type
H. scabra = source Seagrass x sink Seagrass x sink Mangrove
S. horrens = source Coral x source Seagrass x sink Seagrass
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