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Anthropogenic and natural factors impacting health and well-being in coastal waters, regional seas, and the global ocean have long been recognized by the marine scientists, however not as much by the medical and public health community. Although establishing causal effects that directly or indirectly affect human health-related conditions is problematic and depends on the complex marine ecosystem, significant influences are present at both local and global levels, i.e., specific to coastal areas but also associated with sea activities referred to the ‘ocean health’ status. This offers a good rationale for an assessment of the human-marine environment interaction, evolution and complexity landscape. The health ecosystem as a whole (humans and environment, especially marine in our interests) is a complex bio-entity whose dynamics are largely unknown due to the presence of biodiversity and heterogeneity. In parallel, this complexity translates into various new processes that the stakeholders face to establish possible interventions and preserve the sustainability. A major checkpoint in our discussion refers to how to leverage the consolidated and indeed pervasive role of digital information across multiple fields and disciplines, supported by developments in artificial intelligence, machine learning and network science. This is an urgency, as the scientific marine community and the public health policy makers are struggling to gather big data from multiple sources and/or devices that help reveal the marine environmental status. Improvements in the ability of analyzing efficiently and effectively data are needed, and we suggest to profitably look at knowledge transfer strategies. In particular, considering and valuing how the scientific biomedical community has made use of network inference approaches to better understand complex biosystems in both structural and functional terms, we believe that the existing knowledge base can be further generalized to deal with the marine environmental ecosystem context.
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Human and marine ecosystems

The global ocean is the largest connected ecosystem on Earth and influences our climate, weather, global food production and international trade. Of interest here is to examine the link between human and ocean health (Fleming et al., 2019; Franke et al., 2020) and discuss how to approach their inherent systems complexity.

To start, seas and oceans constitute overall a complex environment whose dynamics are governed by a) Interconnected physical and biological variables, and b) A variety of human activities determining the marine ecosystem’s state, and in turn directly or indirectly affecting the human health factors. Examples of how the ocean can exert positive or negative effects are linked to food (say, the chemical pollution on fish that enters the food chain, wellness (the access to coastal areas facilitating physical exercise and reducing cardiac diseases), climate (the mitigation of hot waves, the increase of hurricanes and harmful algal blooms (McMichael and WHO, 2003; Borja et al., 2020), etc.). As a note, more than 250 million clinical cases of gastroenteritis and respiratory disease are linked worldwide annually to swimming in contaminated seas (Inniss and Simcock, 2016; Fleming et al., 2019; Landrigan et al., 2020).

The United Nations has announced the Decade of Ocean Science for Sustainable Development from 2021 to 2030 (see here at: forum.oceandecade.org) with the focus on transforming the way of interacting with our seas and ultimately build a fruitful collaboration between citizens, policy-makers, entrepreneurs and researchers to enable a sustainable socio-economic use of the marine resources and space. Expanding this horizon, there is also a scientific challenge, that of a critical understanding of the complex relations between people and the environment in which they live, and this is the main argument of the ecological anthropology in the Anthropocene (Liu et al., 2021). Then, given the multidisciplinary context, promoting the synergy between marine and health sciences research communities would be reasonable.

Recently, some descriptions have appeared of the different marine exposure environments in relation with human health outcomes (‘Seas, Oceans & Public Health in Europe’, https://sophie2020.eu/). There are problems with this type of data. One is sparsity, another is the lack of validation and thus the need of providing through more models a better understanding of the processes that link marine environments with human health (Short et al., 2021). A good starting point is that human and marine health are an example of ‘coupled ecosystem’ in which systems properties can emerge due to interaction effects. Also, health and well-being at one side and good environmental marine status at the other side offer a general perception of representing ideal conditions to guarantee sustainability. However, a deeper analysis involving extra-environmental factors useful to maintain functionality may determine key system states.

Furthermore, while the biomedical and health communities have systematically prioritized the investigation of systems complexity with emphasis on data integration, explainable models etc., to develop new domains like personalized, precision and translational medicine, the marine community is struggling with the problems of collecting data efficiently and providing effective analyses. Among the guidelines for managing in a cost-effective way resources and infrastructures, a central role is played by ‘soft’ activities like data collection, performance analyses, support to decisions etc. Recently, a first attempt to implement an innovative approach for assessing the marine environmental status has been framed within a joint action launched by the European Initiative “Healthy and Productive Seas and Oceans” (Sprovieri et al., 2021b).

Our work here is based on the delineation of a few directions that would benefit from a better use of data to face current knowledge gaps. They are centered on: A) Approaches for assessing marine environmental status; B) Feasible policies enabling knowledge transfer from other fields; C) Actions from the marine scientific community toward sustainability (i.e., challenges and interventions with reference to people-environment interaction).





Context of reference




Background

From an anthropological point of view, a good status of an environment like the oceans would guarantee healthy conditions for those species populating for millennia our planet and successfully selected based on their evolutionary fitness (see for instance: ‘Understanding theories of human-environment relationship’, by Hemlata O, https://egyankosh.ac.in/bitstream/123456789/71432/1/Unit-9.pdf). In consideration of evolving environmental conditions and thus changes, it is also worth noting that humans look at places with most suitable living conditions; however, when these changes are fast or massive with multiple dimensions involved, a modification of health status could be reasonably expected.

A theoretical and practical foundation for research on Coupled Human and Natural Systems (CHANS) has been provided (Liu et al., 2021) and can constitute the framework for understanding the increased complexity of the Anthropocene. In general, the main challenge in understanding the human-environmental relationship has roots in the environmental determinism and possibilism, then evolves in the cultural ecology and the recent concept of ecosystem as the “complex of living organisms, their physical environment and all their interrelationships in a particular unit of space”. This last definition has definitely introduced the need to consider the system’s complexity at the cost of reducing the attention on the causes of the changes driven by humans and the strategies essential to an ecosystem approach maintained in equilibrium or in homeostatic conditions.

CHANS concepts have been also applied to get insights into restoration and governance of ocean ecosystems (Lubchenco and Petes, 2010). When dealing with marine ecosystems, a good status depends on the use of them. In fact, a marine area enables economic exploitation, for instance, and the human activities can impact, and even transform, the environmental status and conditions. These effects can be direct or indirect, and visible in the short or long term (cumulatively). The anthropogenic activities (i.e., maritime shipping, fishing, aquaculture, renewable energy production, oil and gas exploration and exploitation, extraction of raw materials, ecosystem and biodiversity conservation, tourism, and underwater cultural heritage) may generate conflict due to their demand of maritime space and in relation to productivity, but mostly require a healthy marine environment.

In Europe, the Maritime Spatial Planning Directive (MSPD) is the legislative tool used to address the above issues and aims to maintain the value of marine resources and enable a sustainable use of the economic potential of the marine space (Ehler and Douvere, 2009). Within the same European legislative package addressing marine and maritime aspects, the Marine Strategy Framework Directive (MSFD, 2008/56/EC) constitutes an overarching framework that sets the environmental objectives by integrating all the activities that affect marine ecosystems and by ensuring sustainability.

The MSPD and MSFD are indirectly cross-linked, both based on the adoption of an ecosystem approach and both with the aim to ensure that the collective anthropogenic pressures are compatible with the achievement of Good Environmental Status (GES). MSPD and MSFD represent therefore different perspectives on the marine environment: MSPD asks the maritime sectors to be balanced, while MSFD focuses on the ecosystem conservation. Therefore, at a political level, the assessment of the status of marine ecosystems is considered fundamental to inform management decisions (Eborja et al., 2016).






Moving forward

The marine policies, whether driven by economic or environmental priorities, need GES evaluation based on the best available ecosystem’s knowledge, including the dynamics. Policy makers and managers require scientists to support their decisions. The main challenge is that marine scientists are still pursuing consensus about a definition of GES. The evaluation of the impacts of collective pressures aimed to keep them within levels compatible with a sustainable environment, implies an understanding of the processes guiding the system and an assessment of the status. To accomplish such tasks, comprehensive ecosystem models should provide robust predictions based on collecting data and analyzing salient features. In addition, marine observations are very expensive and public funding agencies are reluctant to increase their investments (Edgar et al., 2016). A comprehensive review of methods and criteria adopted to evaluate the cost-effectiveness of marine monitoring suggests that this kind of assessments lacks scientific rigor and focus. This results from the difficult association between monetary costs and use of data: cost information is generally difficult to obtain and data usefulness is difficult to discern (Hyvärinen et al., 2021).




Viable solution: linear approach

Due to the need of providing marine data to support governance and management tasks, a first step requires that an ocean observing system framework must be conceived to coordinate and integrate the acquisition of physical, biogeochemical, and biological essential ocean variables (EOVs). As a note, for more than two decades the Global Ocean Observing System (GOOS) has requested to governments priority actions for creating a focal initiative advising on physics, climate and biogeochemistry observations (Lindstrom, 2018). The proliferation of proposed monitoring frameworks designed to identify “essential variables” under different contexts and political drivers has generated confusion and delays rather than effective actions. Consequently, despite an increased number of GOOS physical and biogeochemical EOVs (i.e., microbial diversity, biomass) supported by essential climate variables (ECVs) (Bauer et al., 2015; O’Brien et al., 2017), two issues have remained unsolved: 1. The understanding of the contextual drivers of the ecosystem’s stress (Sun et al., 2012); 2. The interconnections between the different agents (natural and anthropogenic).

In practice, EOVs should address fundamental characteristics of the marine ecosystems that can be combined into indicators to describe the real-world complexity, to monitor temporal and spatial dynamics in the environmental states, and to deliver information that support interventions (Hayes et al., 2015). In this scenario, EOVs represent necessary measurements when assessing the state and change of marine ecosystems. Apart from a few cases of EOVs capturing the dynamics of specific ecosystems, for instance the macroalgal canopy (Strain et al., 2014), the complexity of ecosystems comes with nonlinear dynamics, and the study of some independent variables or indicators is not sufficient. In principle, EOVs or any indicator obtained from combined data must be relevant, feasible and cost-effective.

Figure 1 shows a framework in use to address the state of the marine environment. While dealing with many variables and approaches, the acquired data often captures specific environmental aspects that are then analyzed by very different models (a comprehensive list of marine data and algorithms (with software) is available at https://www.seadatanet.org). In 2018, a survey on biological ocean observation completed by more than 100 observing program leaders/managers reported that two thirds of the observing programs provided the abundance, diversity, distribution and coverage as indicators of the marine ecosystem (Miloslavich et al., 2018).




Figure 1 | Sketch of the marine environment traditional MSFD learning approach towards the assessment of the environmental status, based on descriptors of different marine agents.







Viable solution: complexity approach

Recently, in an attempt to deal formally with complexity within the marine environment, network science attracted more attention and started to integrate within traditional marine domains. Apart from the use of indices describing the ecosystem’s state, an open question is how to link the ecosystem’s responses to both structural and functional aspects. This might be a crucial step for quantifying ensemble properties and investigating dynamic aspects related to resistance or resilience.

Trophic interactions represented through food webs are examples of how species are organized in a marine ecosystem. Their quantification and characterization by ecological network analysis (ENA) indices have rapidly increased (Saint-Béat et al., 2015; Fath et al., 2019). ENA is defined as “a systems-oriented methodology to analyze within system interactions used to identify holistic properties that are otherwise not evident from the direct observations”. Different approaches, from binary (presence or absence of link between species) to flow-weighted networks, can be considered (Zhang and Wu, 2013; Niquil et al., 2014; Corso et al., 2015).

However, the approach of leveraging a single parameter which is measurable at network scale (e.g., diversity, connectance, interaction strength) does not allow to draw conclusions on system’s behavior, and especially stability. To address such issues, the ENA indices were developed to provide a more integrated framework and many theories have been proposed for linking ecosystem stability to some ENA indices (e.g., omnivory, cycling and ascendency). Nevertheless, ENA remains incomplete for describing real conservation cases that combine local and/or global stability and is not widely used in the marine contexts (Landi et al., 2018). Thermodynamics represents the reference physical theoretical framework for describing the properties of the ecosystem, in particular entropy (note that the link between thermodynamics and ecology has a long history (Nielsen et al., 2020)).





Challenges

Multiple tools exist to derive various indicators of both structure and functioning of ecosystems (Rombouts et al., 2013; de la Vega et al., 2018). The ENA indices are considered useful tools to evaluate ecosystem states and to differentiate ecosystem structures under assumed boundary conditions. Other indices are focused on biodiversity. Unfortunately, a generalization of the connection between emergent ecosystem properties and functioning to the specific system’s components of the system is lacking or at least not adopted by the marine community. Some valuable approaches have been proposed for the description of the ecosystem resilience and the identification of tipping points (see Petri nets or Boolean networks or different models based on discrete events and qualitative systems (Gaucherel et al., 2017; Gaucherel and Pommereau, 2019; Gaucherel et al., 2020)). The underlying assumption is that it is possible to exhaustively evaluate qualitatively behavioral aspects from the ecosystem interactions. Such models, also used in ecology (Ewing et al., 2002; Cordier et al., 2014; Baldan et al., 2018), lack in general quantitative metrics to infer system properties (Koch et al., 2011).

One problem is that with partial and short-term observations the models remain phenomenological, focusing on short-term dynamics and patterns (Sole and Bascompte, 2006). Ecologists analyzing a snapshot of the ecosystem’s patterns instead of the long-term dynamics, end up restricting the analysis to isolated states rather than the interconnected trajectories, and supporting decisions based on myopic statistics (Badii and Politi, 1999). Physics models have addressed phase states and indicators of complex systems dynamics (Biggs et al., 2021). Despite enabling confident predictions of future system states based on established research tools (Staver et al., 2011), the applications often address selected sub-systems (Accatino et al., 2010; Kininmonth et al., 2022) only partially representing the diversity and complexity of the environmental-human interaction landscapes that theoretical models can hardly validate with accuracy given the limited availability of data.






Innovation from connected systems




From simple to heterotypic networks

One promising approach was recently proposed to assess a community structure (‘The Global Ocean Plankton Interactome’), where 20,810 nodes represent operational taxonomic units (OTU) and 86,026 edges represent potential biotic interactions, with organismal interactions driven by environmental drivers (Chaffron et al., 2021). It is an example of use of Tara Oceans data focused on plankton diversity to elucidate interconnected network dynamics, and with the goal of modeling the complex community structure of ecological associations (Fuhrman, 2009; Faust and Raes, 2012; Banerjee et al., 2018) and assessing the vulnerability to environmental change. A critical factor common to most interactome analyses is the consideration of structure versus dynamics, and the properties inferred from the global scale sampling of plankton summarize well the community structure, leaving open the question of what between taxonomy and function is the real model predictions driver.

A complex biological system may display spatiotemporal interaction dynamics of partially or totally unknown nature. Nevertheless, there are identifiable conditions from which emergent and self-organizing behavior can be observed, which allow to infer how complex biosystems evolve over time by changing internal structure and dynamics in response to both their endogenous governing laws and various exogenous (environmentally caused) adaptations. In general, the study of network dynamics and topology cannot be kept separate: the relationships between bio-entities subject to nonlinear/stochastic influences may justify the observed structural associations, and in turn provide inference hypotheses to be tested at systems level (Turnbull et al., 2018).

In marine ecosystems two main challenges are: a) Tackling large-sized problems with incomplete information, and b) Obtaining efficient solutions. More specifically, network properties such as stability, robustness, fragility, controllability, synchronization that are relevant to the study of dynamics, may be involving unknown nonlinear functions that can only be approximated but not analytically solved. Marine ecosystems can be naturally represented by heterotypic networks with a mix of structured and unstructured information, which potentially calls for new deep learning (DL) solutions with none or minimal need of supervision.





How to deal with dynamics?

Bio-ecosystems can be investigated with respect to the reconstruction of the phase space of the generating dynamical process. Here, the dynamics assumed to perform a trajectory in a state-space measure at each time point all the measurable quantities and concatenate them over time. By considering a trajectory of observed states, the steady dynamics that may occur are the result of reconciling the transient components observed under non-equilibrium conditions. The complexity due to indeterminacy, inaccuracy of measurements, uncertainty, etc., which are also typical of marine ecosystems, calls for new integrative inference approaches. Networks can allow causative associations to be investigated through regulatory dynamics as a main source of inference. As they may be limited in spatiotemporal resolution and use averages over conditions or time points, their inherent potential to discover causal relationships may be reduced. Still, networks allow the monitoring of information transmission mechanisms underlying observed phenomena (i.e., phenotypic alterations and signaling processes in biosystems, or altered functionality of human-environment interaction in marine ecosystems).





Moving forward: bottlenecks and directions to explore

A dynamic network approach leverages the study of coordinated functional activation depending on conditions. Differential network biology (Ideker and Krogan, 2012) and analysis (Xie et al., 2020) have been pervasively explored (in brain (Basha et al., 2020), in cancer (Gill et al., 2014), etc.) to compare topologies and modular structures in health versus disease states or between two different disease states, supported by expression, genetic, and clinical information. Here, the expected variation may reflect the distinctiveness in the molecular signatures of gene expression. The focus is on aggregate rather than individual target dynamics and on monitoring transient and permanent changes at various scales by pinpointing significant associations or dissociations (break down) of modular structures. Intuitively, in marine ecosystems one would like to assess first the degree of participation of the identified constituent modules with a significant role in network dynamics, and then how the differential conditions alter topologically the network depending on the participation of key individual entities to the significant modules studied under various conditions.

A few criticalities emerge from a number of factors:

	-Quantifying the system’s robustness. Robust solutions beyond single nodal scale require that a minimal number of dominant, influential or controllable nodes be found (Sharma et al., 2017).

	- Identifying vulnerabilities of network measures. Entropy is not a measure independent of a particular network representation and cannot capture the properties of the underlying generative process. The popular Shannon entropy is only partially useful in dealing with complexity, information content, causation and temporal information. Other entropy-based measures require a focus on particular properties (adjacency matrix, degree sequence, etc.).

	- Dealing with loss of information. To understand interactions, the observed dynamics must be aligned with the context, the type of data and the level of uncertainty in the system (that is, conditions and stressors).



Some of the relevant properties emerging from networks, are summarized below (Bertolero et al., 2017):

	- High connectivity in the network has effects on structure. The high-degree central nodes tend to coordinate the global network communication. An example is provided by the brain regions in which such nodes tend to be pathological. If removed, the global efficiency of the network decreases. Therefore, the rich club is a stable core of brain regions coordinating the transmission of information.

	- High-participation nodes have effects on functions. These nodes exhibit diverse connectivity degree and are more consistent with the development of integration functions. For instance, in the brain these nodes belong to different communities, and some are physically proximal. Also, they control functionally connected regions (those more predictive of changes). Finally, their activity increases in complex tasks requiring specialization and more communities involved needing integration. Therefore, removing these nodes would likely damage the overall functionality as they govern modularly the local processing of information.

	- Controllability. Highly non-linear systems typically present conditions of non-equilibrium and manifest the effects of critical transitions between unstable and stable points. A system is controllable when it can be driven from any initial state to any final state within finite time. The typical control strategy involves efficient guidance of a system’s behavior towards a desired state through only a few input variables. Finding these few points is challenging and refers to a key question: what is necessary to control in a network? In general, knowledge from two domains is needed: system’s architecture, i.e., network structure/configuration, and dynamical rules that are observed through time-dependent interactions. Controllability is computationally prohibitive even for moderately sized networks due to highly complex functions. Therefore, since many nodes may be regulators of dynamics in biomolecular networks, the full network state space can be the real target of complete controllability at the price of computationally efficiency.

	- Transittability. This useful property (Wu et al., 2014) in biosystems allows to steer the regulatory network, which thus transits from abnormal to healthy phenotype (phenotype transition). Usually, the cellular phenotypes can be studied by the network states collectively, i.e., considering all molecular expressions. Also, phenotypic changes work as dynamic transitions between states of the network cellular reprogramming. A steering node is where an input control signal is directly acted and is a minimal set of steering nodes network transiting from one state to another (much less than minimum set of driver nodes). Therefore, transittability is less requiring than complete controllability for cellular phenotype transitions.








Discussion

Recently, an experts’ consensus (Danovaro et al., 2020) about deep-sea essential ecological variables has classified them into five priority groups aimed at a more effective global scale management: biodiversity, ecosystem functions; impacts and risk assessment; climate change, adaptation and evolution; and ecosystem conservation. These are all aspects that would benefit from new research directions in marine environmental studies. We have recalled lessons learned in other similarly complex systems, motivated by a largely unexplored potential in the cross-disciplinary evaluation of GES and the impacts on human health (see a summary in Figure 2).




Figure 2 | A proposal for a learning process approach to the marine ecosystem, mainly focused on the properties of the coupled natural and anthropogenic system constituted by the network of agents.



In general, for any possible knowledge transfer to exert measurable impacts on marine management policies, the first step that is required is an assessment of the general marine status. Consequently, data collection and method development offer the concrete tools to implement this first step.

Table 1 presents a group of topics for which methods have been proposed and a group of topics for which further method development is needed to better face the complexity of ecosystems. We stressed the role of complex biosystems considering that the influence of biological mechanisms is devoted to maximize the diversity of the interaction landscape. There are other properties of an exploratory nature but still highly desirable. An example is susceptibility (Manik et al., 2017), which quantifies the change of the systems’ state in response to a change in an external field. This property induces collective dynamics, depending on the topological configuration of connected systems and the mapping of perturbation dynamics (local properties). However, it is unclear how to define susceptibilities in systems and their relations with collective dynamics.


Table 1 | a non-comprehensive list of topics and corresponding fields of study (with references) to address the complexity of ecosystems.



A first helpful distinction is between influence and flow. Network components are ranked by their dynamic impact, e.g., seeking the most influential nodes (capturing the magnitude of the systems’ response to perturbations). In genomics, a perturbed gene is a key source of information, but other genes propagate the signal and support the flow as mediators (Morone and Makse, 2015). Therefore, finding optimal/minimal sets of influencer nodes is key and weakly connected nodes tend to emerge as optimal influencers. Collective Influence (CI) methods performing influence maximization are therefore needed (Teng et al., 2016).





Conclusions

A useful description of the complexity of the marine environment is the first step toward a better understanding of the impacts of anthropogenic pressures relatively to the overall system’s state. In order to address the relationship between ocean and human health, a better knowledge of the functioning of the ecosystems is needed. Essentially, their complexity cannot be linearly decomposed and core information must be extracted to make any policy advice relevant and cost-effective.

However, the diversity of environmental contexts often does not allow to adopt a common and comprehensive model. We need therefore to identify an analytical framework capable to describe the dynamics of a network of inhomogeneous agents, preferably not limiting the ecosystem to the physical or biological variables of the marine environment (Miloslavich et al., 2018; Affatati and Moretti, 2021). Examples come from sectors such as soil (Masciandaro et al., 2013) or freshwater (Van Rossum et al., 2018) indicate the possibility of simplifying the evaluation of the state of the system by reducing the number/volume of data to be acquired, thus making more feasible the system’s state monitoring and management.

The challenges of understanding the status of the marine environment and managing the impacts of human activities depend largely on expensive “learning by doing” frameworks in which different models and data analysis are mostly adopted according to linear approaches and focused on environmental aspects. Very recently, a European initiative has been launched to revise this traditional framework based on the definition and evaluation of the good environmental status of seas and oceans. A joint action between many countries has promoted a path complementary to the one developed within the MFSD in order to overcome the limits of the adoption of indicators treated independently when addressing complex systems and motivate innovative observing strategies and models to describe the state of the marine environment (Sprovieri et al., 2021a).

We consider knowledge transfer a crucial factor for a better inclusion and understanding of network science-driven processes already well consolidated in other domains and relevant for the marine ecosystem too. In turn, this calls for a major integration of disciplines within ecology, in particular marine science. The many success examples provided in bio- and health-systems studies represent a proof of the effectiveness of cooperative approaches, which may help evaluate the status of complex coupled bio-ecosystems. By studying their network properties and their multilevel organization there will be more chances of identifying testable drivers of marine environment dysfunctionality and ultimately enable interventions.

Despite being aware of the complexity of the coupled human-environment system, in the marine community more than two thirds of the programmes and analysis do not involve an integrated approach yet. We therefore stressed the need of developing next generation methodological approaches bridging the traditional linear thinking in describing abundances/diversity/coverage/distribution of selected variables with the complex systems strategies based on interconnected networks where to investigate properties such as transittability, connectivity, controllability, participation etc., all relevant to ecosystems.

In conclusion, a shift from traditional solutions is needed to face the challenges of monitoring data-driven complex ecosystem dynamics and establishing their public health impact. The new solutions would in general address a collective action toward more collaborative environmental governance (Bodin, 2017; Dalton et al., 2020). As a start, a concrete solution in the marine environment is to assign a more central role to automated algorithmic solutions for integrating data-driven activities (including collection, processing, identification, classification, and prediction) and decisions nowadays widely provided and/or supported by network approaches.
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