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Abstract
Pelagic organisms' movement and motion of buoyant particles are driven by processes operating across multiple, spatial and temporal scales. We developed a probabilistic, multi-scale model, the Connectivity Modeling System (CMS), to gain a mechanistic understanding of dispersion and migration processes in the ocean. The model couples offline a new nested-grid technique to a stochastic Lagrangian framework where individual variability is introduced by drawing particles' attributes at random from specified probability distributions of traits. This allows 1) to track seamlessly a large number of both actively swimming and inertial particles over multiple, independent ocean model domains and 2) to generate ensemble forecasts or hindcasts of the particles' three dimensional trajectories, dispersal kernels, and transition probability matrices used for connectivity estimates. In addition, CMS provides Lagrangian descriptions of oceanic phenomena (advection, dispersion, retention) and can be used in a broad range of oceanographic applications, from the fate of pollutants to the pathways of water masses in the global ocean. Here we describe the CMS modular system where particle behavior can be augmented with specific features, and a parallel module implementation simplifies data management and CPU intensive computations associated with solving for the tracking of millions of active particles. Some novel features include on-the-fly data access of operational hydrodynamic models, individual particle variability and inertial motion, and multi-nesting capabilities to optimize resolution. We demonstrate the performance of the interpolation algorithm by testing accuracy in tracing the flow stream lines in both time and space and the efficacy of probabilistic modeling in evaluating the bio-physical coupling against empirical data. Finally, following recommended practices for the development of community models, we provide an open source code with a series of coupled standalone, optional modules detailed in a user's guide.


Highlights
► CMS simulates the transport and fate of living and non-living particles in the ocean. ► CMS has extensive applications to fisheries, ocean climate, and oil spill studies. ► CMS is a community-based open-source system with flexible data source and format. ► CMS offers a multi-nested approach for optimization of circulation model resolution. ► CMS provides adaptive treatments of the land boundary to avoid artificial grounding.





Introduction
Lagrangian numerical modeling is an increasingly popular approach among physical and biological oceanographers seeking to better understand the influence of transport processes on marine ecosystems. The variability of major currents and of recruitment, population connectivity, the spread of invasive species and of marine diseases, the transport and fate of atmospheric dust and pollutants, all are examples of phenomena that can be investigated using a particle-tracking framework. Models are indeed the best tools available to learn how dynamic marine ecosystems operate by testing hypotheses and teasing apart the role of often non-linear factors.
Individual movement is the result of interactions with external factors, and as such is of central importance to almost any ecological and evolutionary process (Nathan, 2008). To get a mechanistic understanding of these processes, it becomes thus important to develop probabilistic, Individual-Based Models (IBMs) that can solve for individual attributes (Grimm et al., 2006). For most marine organisms with sessile, benthic or relatively sedentary adult phases, movement is often limited to their larval phase and often referred to as “dispersal”. However, these early life history stages are never entirely passive (Leis, 2006) and represent a unique opportunity for individuals to “migrate” between geographically separated populations using the currents. In regions of complex ocean circulation patterns, transport may differ widely at the individual level as a result of changing environmental conditions during the spawning season. These changing factors may result in variable probability of survival and dispersal to different distances often portrayed in terms of the “dispersal kernel” (Nathan, 2006), ultimately leading to multiple adaptive routes and difference in stock structure.
During the last decade, numerical models of the early life stages of marine organisms have emerged as a powerful tool for investigating the linkages between mixing of sedentary populations and the spatial history of successful migrants. These models are generally referred to as coupled bio-physical models. In such approaches, the early life of target species and their interaction with the environment is simulated by combining a stochastic biological model with ocean circulation models. These models typically use a Lagrangian particle-tracking framework to deal with explicit individuals, and use information on currents and environmental conditions from ocean circulation models to track the movement of a large number of individuals through space and time (Paris et al., 2007).
In many applications, several hundred millions of abiotic or biotic particles need to be simulated by coupling their varying traits with an ocean circulation model. In addition, many particles (or larvae) might have to be advected with the currents along a very long distance (Fiksen et al., 2007). Tracking particles for longer time periods, from shallow coastal areas to the deep ocean and back, is typically solved with a tradeoff between domain extent and spatial resolution. It thus becomes critical to use simultaneously several distinct circulation models to evaluate coastal and ocean scale conditions in order to improve the accuracy of Lagrangian predictions. These requirements are often computationally complex and very demanding, with large data management efforts that can limit the scope of the applications.
Here, we present the Connectivity Modeling System (CMS) version 1.0. The CMS is a multi-scale bio-physical modeling system, based on an Individual-Based Model (IBM) and Lagrangian framework. It has been developed originally to study complex larval migrations (Paris et al., 2005a, Paris et al., 2005b) and give probability estimates of population connectivity (Cowen et al., 2006). The CMS can also provide a Lagrangian description of oceanic phenomena of advection, dispersion, and retention with great precision (van Sebille et al., 2012a, van Sebille et al., 2012b), and can thus be used for the dispersion of abiotic particles such as pollutants (Paris et al., 2012). We describe the standalone sub-models (modules) that have been developed for this open-source first version 1.0 in Section 2 (Model Description) to facilitate community contribution. These modules are optional and can be turned on and off in the IBM to describe particle behavior and environmental attributes. We then assess the skill of the non-biological part of the CMS and the capabilities of the modeling system to represent biological processes by performing with a number of test cases in Section 3 (Model Evaluation).



Section snippets
Model description
Speed and efficiency are of the utmost importance in the applications that the CMS is designed for, therefore the CMS is written in Fortran and should be installed on Linux systems with Fortran and NetCDF libraries installed. A flow chart of the model code, input, and output of the CMS is shown in Fig. 1. The CMS operates offline, so it uses archived ocean velocity data. The CMS can access on-the-fly ocean circulation data via OPeNDAP (Open-source Project for a Network Data Access Protocol) or
Model evaluation
In order to assess the skill and capabilities of both the non-biological Runge–Kutta part of the CMS and the most important biological capabilities and modules, a number of test cases have been performed.
Conclusions
The Connectivity Modeling System (CMS version 1.0) is an open and free software tool to track the paths of biotic and abiotic particles in the ocean. Although software packages are already available that can perform a similar task (i.e., ICHTHYOPS, Lett et al., 2008; LTRANS, Schlag et al., 2008; North et al., 2008), the CMS differentiates itself as a probabilistic model treating specifically biological variability as continuous distributions of variable attribute input. Similarly, the
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	Population genomic and biophysical modeling show different patterns of population connectivity in the spiny lobster Jasus frontalis inhabiting oceanic islands
2024, Marine Environmental Research

Show abstract
Knowledge about connectivity between populations is essential for the fisheries management of commercial species. The lobster Jasus frontalis inhabits two oceanic island groups, the Juan Fernández Archipelago and the Desventuradas Islands, separated by 800 km. Since this species is primarily exploited in the Juan Fernández Archipelago, knowledge of the connectivity patterns among islands is foundational for species management. Here, we used variability at single-nucleotide polymorphisms (SNPs) and individual-based modeling (IBM) to estimate the genetic structure and connectivity between J. frontalis populations in these island groups. The variability at 9090 SNPs suggests two genetic populations, one in the Juan Fernández Archipelago and one in the Desventuradas Islands. Furthermore, IBM suggests an asymmetric connectivity pattern, with particles moving from the Juan Fernández Archipelago to the Desventuradas Islands but not vice versa. Since the IBM analysis suggests asymmetric larval movement between the islands, and the genetic analysis indicates isolation between the Juan Fernández Archipelago and the Desventuradas Islands, larval retention mechanisms such as small-scale oceanographic processes or behavior could hinder larval movement between islands. This study highlights the importance of using more than one methodology to estimate population connectivity.




	A biophysical model of Calanus hyperboreus in the Gulf of St. Lawrence: Interannual variability in phenology and circulation drive the timing and location of right whale foraging habitat in spring and early summer
2023, Progress in Oceanography

Show abstract
Since 2015, North Atlantic right whale (NARW) occurrences have considerably increased in the Gulf of St. Lawrence (GSL), likely driven by a decrease in the availability of their historically preferred prey, the lipid-rich Calanus spp. (Copepoda), in their traditional foraging habitats. In the southern GSL (sGSL) where most NARW sightings occurred in recent years, the large bodied and lipid-rich Calanus hyperboreus dominates the Calanus spp. biomass in the spring and early summer, with important interannual variability hypothesized to be driven by variations in phenology and transport. This study examined the seasonal and interannual variability of phenology and relative distribution of C. hyperboreus biomass in the sGSL during the spring and early summer from 2016 to 2019, using a 3-D coupled biophysical model. We simulated the development and advection of the new cohort of C. hyperboreus from first copepodite (CI) stages in early spring to mid-July, a period during which they enter diapause as lipid-rich fourth copepodite (CIV) stages. Our study confirmed that C. hyperboreus distribution in the sGSL is mainly influenced by transport from adjacent deeper areas through interactions between ocean circulation and early copepodite stages during the spring. Model results indicated variable numbers of simulated individuals from the Laurentian Channel were transported annually to the sGSL during their active stages, entered diapause, and were retained near the seafloor in the summer. Biophysical simulation outputs could therefore contribute to seasonal-scale advice on locations of NARW potential foraging habitat formation and improve understanding NARW seasonal dynamics in the sGSL.




	Simulating oil droplet underwater dispersal from a condensate field spill in the South China Sea
2023, Ocean Engineering

Show abstract
A better understanding of oil droplet dispersal, oil-water interaction, and transport in the South China Sea (SCS) is needed to enhance the response to potential spill risks from subsea oil and gas development in the region. Herein, an offline oil spill prediction system was employed considering the physical processes of hydrocarbon from the leakage source to the sea surface. The components of this system included the droplet size distribution, plume dynamics, hydrodynamics, and Lagrangian particle. The system was applied to simulate a hypothetical spill occurring in a deepwater condensate field. The results predicted a stratification-dominated plume captured by neutral buoyancy at 282 m above the source. Submerged oil droplets were transported in the 60° and 240° directions and the diffusion range gradually expanded. The first oil droplet reached the surface 22 h after the release began. More than 99% of the oil droplets floated up into the upper water column after 50 h. Particularly, droplets larger than 4 mm mainly contributed to the oil slick. After 72 h, the distribution area of the oil slick on the sea surface was ∼18 km2. The simulation results would be valuable for contingency planning regarding the emergency response to an underwater oil spill.




	Cause and impact of Andaman Sea's salinity variability: A modeling study
2023, Deep-Sea Research Part II: Topical Studies in Oceanography

Show abstract
The Andaman Sea is an important and strategic region for India, both from a security and conservation viewpoint. Documenting the spatiotemporal variability of salinity is fundamental to understanding this region's dynamics. We studied the Andaman Sea's seasonal and inter-annual salinity variability during the Boreal summer (JJAS) using NEMO reanalysis data (1993–2018). Analysis of river influx, precipitation, Empirical Orthogonal Functions of the salinity fields, numerical particle trajectory experiments, and statistical significance tests were conducted to understand the causal factors and impact of the Andaman Sea's salinity variability. Our study shows that it is the Southwest Monsoon Current (SMC) that brings a significant influx of salinity into the Andaman Sea and governs the seasonal cycle. We also document and explain the different surface and sub-surface dynamical trends. We show that higher salinity influx to the Andaman Sea is correlated with the strength of SMC. Crucially, this study is the first-ever attempt to comprehend the salinity dynamics of the Andaman Sea utilizing both Empirical Orthogonal Function (EOF) analysis and particle trajectories. We also note the reported reduction in shark catch and qualitatively analyze its relation to the seasonal salinity cycle, motivating the need for further physical-biological combined studies of the region.




	Assessing the influence of behavioural parameterisation on the dispersal of larvae in marine systems
2023, Ecological Modelling
Citation Excerpt :
These models are used for a range of theoretical and applied questions, but their accuracy is reliant on our understanding of and ability to reproduce abiotic and biotic mechanisms that drive directed movement in nature. Biophysical models of larval dispersal can be implemented by adopting relatively simple advection-diffusion models (Hill, 1990; Cowen et al, 2000) or by combining a general ocean circulation model describing local hydrodynamics with an individual particle tracker to incorporate biological traits (e.g., Schlag and North, 2012; Paris et al., 2013). In recent years, advances in computational power and efficiency have allowed for circulation models to include greater spatial and/or temporal resolution, allowing complex velocity flow fields over intricate topography to be resolved.



Show abstract
Predicting dispersal and quantifying ecological connectivity are increasingly referenced as fundamental to understanding how biodiversity is structured across space and time. Dispersal models can provide insight, but their predictions are influenced by our capacity to simulate the biology and physics known to influence dispersal. In a marine context, vertical swimming behaviour is considered important in influencing the spatial organisation of species across seascapes, but the mechanisms underpinning these movements remain unresolved, making it unclear how best to incorporate behaviour within models. Here, using a 3-D hydrodynamic model coupled with a Lagrangian particle tracker, we show how different modelled larval behaviours, alongside spatial and temporal hydrodynamic changes, influence larval dispersal predictions. Additionally, we compare the application of a novel approach of reverse-engineered larval swimming behaviour against two commonly modelled behaviours: passive dispersal and tidal vertical migration (TVM). We used statistical models (LME and GAM) to test the effects of change in tidal state conditions, season, and planktonic larval duration in conjunction with behavioural parameters on dispersal. For shorter PLDs (i.e., 1 day), we find that passive models match ‘behaving’ model outputs, but for longer PLDs, excluding behaviour leads to overestimates of dispersal; an effect that increases with time. Our results highlight the sensitivity of biophysical models to behavioural inputs, specifically how vertical migration behaviour can significantly reduce dispersal distance - especially for species with longer planktonic durations. This study demonstrates the disproportionate effects that even a single behaviour - vertical swimming - can have on model predictions, our understanding of ecosystem functioning, and ultimately, the ecological coherence of marine systems.




	Simulating oil-driven abundance changes in benthic marine invertebrates using an ecosystem model
2023, Environmental Pollution
Citation Excerpt :
Our interest here is to maximize the heuristic value of the Atlantis model by simulating a realistic set of oil spill conditions. The mortality function is based on a dose-response model (Dornberger et al., 2016) and oil densities from CIMAGE Lagrangian oil fate simulations from the Connectivity Modeling System (CMS: Paris et al., 2012, 2013; Aman & Paris, 2013). CMS applies tri-cubic interpolation of circulation velocities from the Hybrid Coordinate Ocean Model (Chassignet et al., 2003) accounting for factors like buoyancy, tidal transport and turbulence.



Show abstract
Field studies showed that benthic macrofauna and meiofauna abundances increased with sediment oil concentration in areas affected by the Deepwater Horizon (DWH) oil spill. Benthic invertebrate biomass shows a dome-shaped relationship with respect to petrogenic hydrocarbon concentrations suggesting a positive effect on biomass at low-to-medium oil concentrations and a negative effect at high concentrations. If this is due to enrichment of the benthic food web, then this adds to an emerging picture of a food web response over a large spatial area with both abundance increases and decreases as a result of DWH. We would be obliged to consider long term multispecies effects beyond the initial pulse disturbance in modeling impacts and recovery of economically valuable species. An Atlantis ecosystem model of the Gulf of Mexico is used to simulate three mechanisms that could explain observed changes in the invertebrate community. Scenario 1 is that stimulation of surface primary productivity occurred as a result of nutrient loading caused by diversion of Mississippi River water into Barataria Bay (a mitigation action taken during the DWH oil spill). Scenario 2 is that enrichment of the benthos occurred due to detrital loading from marine oil snow sedimentation and flocculent accumulation (MOSSFA). Scenario 3 is that predator declines and/or avoidance of oiled areas caused a release of predation mortality on benthic invertebrates. Scenario 2 (MOSSFA) stimulated the detritus-driven food web and was best able to cause a net increase in invertebrate biomass despite a realistic amount of oil toxicity. Scenario 3 (predator release) plausibly could have contributed to changes in benthic invertebrates. Scenario 1 (nutrient loading) had little impact on the benthos suggesting the benthic food web is decoupled from local pelagic production sources.
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