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The present paper provides a perspective on selected key issues driving inquiry in biogeochemical dynamics research of Twenty-first century, which could contribute to filling of knowledge gaps toward development of the systems biogeochemistry approach. The specific focus is on understanding of the multiscale processes and effects involving elements and chemical compounds, their interactions with other environmental variables, as well as the development of integrative quantitative models and their validation. The special attention is paid on the necessity to decipher the biogeochemical dynamics of the novel entities and combinations of inorganic and/or organic chemicals in the environment, as well as their critical linkages and feedbacks with major nutrient cycles, the interplays with climate change and other anthropogenic stressors. Taking advantage of rapidly developing omics approaches and stable isotopes of non-traditional metals as well as the synergies arising from their integration in the biogeochemical modeling are discussed together with their potential to transform biogeochemical studies and push toward new frontiers in biogeochemical dynamics knowledge.
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Understanding how our planet works as an integrated physical, chemical, and biological system, how human activities and global change perturbed its functioning, and what would be the implications for the Earth's life and human society is central in the modern biogeosciences. Focusing on the Earth as a chemical system and exploring the dynamic interactions of the elements and compounds with biological and geological components and their alterations, the biogeochemical dynamics provides a knowledge, which is vital for our society, particularly in the light of the ongoing climate change and growing anthropogenic pressures.

At the onset of the Anthropocene (Crutzen, 2002), Homo sapiens became a major driver for environmental change at an unprecedented rate, which could threaten the Earth as a life support system. The concept of planetary boundaries, which defines the safe operating space for humanity was thus proposed (Rockström et al., 2009; Steffen et al., 2015). The planetary boundaries relate to the critical Earth's systems/processes and identify the key limits which if crossed could push the Earth system toward a new undesirable state, “less hospitable to the development of human societies” (Steffen et al., 2015). Among the nine planetary boundaries, those related with biogeochemical flows, phosphorus (P) and nitrogen (N) are in the high-risk zone, while those concerning the aerosol loading and novel chemical entities cannot be yet quantified given the lack of sufficient knowledge (Steffen et al., 2011, 2018). Indeed, the setting of science-informed planetary boundaries is recognized to be very challenging and to require advanced knowledge about the various Earth System processes (Diamond et al., 2015; Steffen et al., 2018). An extension of the planetary boundaries concept to planetary boundary windows has been suggested to account for the uncertainties around the individual boundaries and their interactions (Nash et al., 2017). In such a context, the understanding of the biogeochemical dynamics of the multifaceted Earth (sub-) systems, of the underlying processes and feedbacks with human activity and global change, is a central topic of research in the environmental sciences.

The biogeochemical dynamics is about the movement and transformation of the elements and chemical compounds in the environment. It is an “intersection” were different disciplinary perspectives meet to address the complex nature of the interactions between the chemical, biological and geological components determining the Earth chemical dynamics. Part of broader biogeosciences, biogeochemistry shares common fundamental endeavors as previously discussed (Acocella, 2015; Eglinton, 2015). Here I rather focus on selected issues where I believe the process-oriented knowledge has a potential to lead to sound progress in the understanding of the biogeochemical dynamics of the environment.

MOVING TOWARD MULTISCALE SYSTEMS BIOGEOCHEMISTRY

Biogeochemistry is a systems science “par excellence.” Studies focus on the global biogeochemical cycles of nutrients (e.g., C, N, P, S, etc.), essential (e.g., Fe, Se, Zn, etc.) and toxic (e.g., Cd, Hg, Pb, etc.) trace elements. These studies lead to the goal of establishing the large-scale inventories and flows between the environmental spheres, exploring the human-induced perturbation and climatic feedbacks shaped the modern biogeochemistry over the past decades, and will continue to mark the road for future research.

Biogeochemical cycles and flows involve a myriad of species formed by complex interactions of the elements with various abiotic and biotic components. Given the different reactivity of these species, knowledge on elemental speciation is central for the understanding of their distribution, mobility, and biological outcome in the environment. Many of the transformation pathways are biologically mediated, therefore understanding the abiotic-biotic transformation linkages and the incorporation of the bioavailability concept (Slaveykova and Wilkinson, 2005) in biogeochemical dynamics research will be an important step forward. A significant progress in studying the major transformations processes has been achieved, including complexation, oxidation/reduction, methylation/demethylation etc., of the elements and their compounds. However, such knowledge is rarely taken into consideration at larger or global scales.

An exciting scientific endeavor of the Twenty-First century biogeochemistry will be to develop further understanding of the chemical dynamics of the Earth through the systems approach and to link the observations at different scales. Although there is recognition of the importance of the systems science for the understanding of how the parts of the system function and how they work in a broader system setting in systems ecology (Evans et al., 2012), the systems approaches in global change and biogeochemistry research are rather rare (Smith et al., 2012). The bridging of the processes at the molecular level with the elemental and compound flows at the global level is thus one of the biggest challenge in modern biogeochemistry given the large spatial and temporal differences, as well as the great complexity of biogeochemical processes. Pressing needs thus exist to fill the significant knowledge gaps, including the understanding of the multiscale processes and effects involving elements and chemical compounds, their interactions with other environmental variables, as well as the development of integrative quantitative models and their validation.

UNDERSTANDING THE BIOGEOCHEMICAL DYNAMICS OF “NOVEL ENTITIES”

The appearance of novel entities and combinations of inorganic and/or organic chemicals in the environment is a specific feature of the Anthropocene (Crutzen, 2002). Micro- and nano-plastics, purposely engineered nanomaterials, and high diversity of synthetic organic compounds represent some of the most striking examples of such novel chemical entities, and specific markers of the Anthropocene. The unprecedented rate of their release in the environment and their diversity are so important, that they surpassed other drivers of global environmental change (Bernhardt et al., 2017). For example, the amount of microplastics in the ocean is estimated to increase by a factor of 4 in 2060 (Isobe et al., 2019). As persistent, long-range transported and bioaccumulative pollutants with a potential to cause adverse effects, the microplastics were suggested to be a possible “planetary boundary threat” (Galloway et al., 2017), however the likely disruptive effect on the life supporting processes at global level are still highly uncertain. Similarly, significant advances have been achieved in the understanding of the behavior and possible detrimental effects of metal-containing nanoparticles (Ivask et al., 2014; von Moos and Slaveykova, 2014) and their transformations under specific settings (Levard et al., 2012; Espinasse et al., 2018). However, a larger-scale biogeochemical perspective is still lacking.

A major challenge remains to understand the biogeochemical dynamics of such man-made compounds, as well as their critical linkages and feedbacks with major nutrient cycles, and interactions/feedbacks with climate change and other anthropogenic pressures. The high diversity of the chemical compounds, complex pathways in the environment and the multitude of possible impacts may result in synergistic, additive, and antagonistic interactions (Fischer et al., 2013; Cheloni and Slaveykova, 2018). A more systematic approach taking into consideration the combined pressure of multiple stressors (Kaushal et al., 2018) and reconceptualization of distribution and transformation processes of chemical mixtures was thus advocated to be critical to ecosystem management (Hayes and Hansen, 2017). Going beyond by further exploring the novel entities dynamics in the environment within the context of climate change and increasing anthropogenic pressure on the environment will be a central topic for the future.

TAKING ADVANTAGE OF MULTI-OMICS APPROACHES

One of the exciting frontiers in biogeochemical dynamics is the investigation of how living organisms influence the elements and chemical pathways in the environment, and in turn, how the element species affect living organisms. The systems biology approach is more frequently employed to better understand how environmental change impacts marine microorganisms (Mock et al., 2016). For example, the global pool of available metabolic functions was highlighted as a major driver of formation of biogeochemical gradients in the ocean (Coles et al., 2017). Meta-transcriptomics made it possible to establish a global ocean atlas of planktonic eukaryotic genes across four organismal size fractions and to explore the roles of marine eukaryotes in ocean biogeochemistry (Carradec et al., 2018). A meta-omic analysis revealed key microbial populations degrading the carbon sequestered in permafrost and highlighted lineages with the production of greenhouse gases (Woodcroft et al., 2018).

The omics have the potential to uncover the perturbation of key biogeochemical processes induced by the chemical contaminants. The omics approaches are largely used in ecotoxicology and stress ecology to reveal the novel molecular mechanisms of toxicity and to assess chemical effects at different levels of biological complexity (Beauvais-Flück et al., 2017; Zhang et al., 2018). For example, the omics provided new insights on the effects of Hg compounds on cellular processes in individual organisms (Beauvais-Flück et al., 2017; Dranguet et al., 2017a) and in a biofilm community (Dranguet et al., 2017b). Multi-omics based approaches unraveled the microbial arsenic transformation processes, and their connections to other biogeochemical cycle (Zhu et al., 2017). These selected examples revealed that rapidly developing omics approaches have a potential to transform biogeochemical studies. However, the question how to use such multidimensional information and to link with specific processes, constraining cycles and flows taking place at large temporal and spatial scales represent important current challenges in biogeochemistry.

The integration of the omics data with established biogeochemical models is another important challenge. Existing models that explicitly consider genes and make predictions at the population or ecosystem levels were grouped in three general approaches, i.e., metabolic flux, gene-centric and agent-based (Kreft et al., 2017). It was further argued that “adopting an integrated modeling approach to biogeochemistry and environmental genomics data is a powerful means of exploring the nexus between microbial ecology and geochemistry” (Reed et al., 2014). However, only a few examples of such integrative approaches in biogeochemical context can be found. A model integrating aquatic biogeochemistry and multi-omics information has shed light on the metabolic networks coupling C, S, and N transformations across a sea redox gradient (Louca et al., 2016). Integrating gene and population dynamics into biogeochemical models has the potential to improve predictions of the community response under altered scenarios to guide remediation efforts (Arora-Williams et al., 2018). Looking forward to the years to come, the role of the omics in biogeochemical research will increase. Therefore, the synergies arising from integrating the omics with process-oriented data in biogeochemical modeling will allow to gain deeper insights into key environmental systems and their perturbations.

TAKING ADVANTAGES OF STABLE ISOTOPES APPROACHES

Stable isotope variations of light elements, such as δ13C, δ15N, δ18O, and δ34S and their ratios are employed, since decades, as source and process tracers to understand numerous interactions in complex environmental systems (Sanchez-Carrillo and Alvarez-Cobelas, 2018). Tremendous progress has been made in high-precision stable isotope analysis of non-traditional heavy isotopes of elements that are essential for life (e.g., Fe, Cu, Ni, Mo, Zn) or toxic (e.g., Hg, Pb). Such analyses have made it possible to gain new insights into elemental transformations, their interactions with leaving systems, as well as their sources and sinks (Wiederhold, 2015). For example, the isotopic composition of dissolved and particulate forms of iron revealed that the photochemical and biological reduction and dissolution of particulate iron in the surface ocean are key processes determining Fe bioavailability to marine biota (Ellwood et al., 2015). Since different biotic and abiotic processes could cause metal isotope fractionation (Wiederhold, 2015), the use of mass-dependent and mass-independent fractionation as well as multidimensional isotope tracing open new avenues for disentanglement of elemental transformation pathways. The “isoscapes” concept was also proposed for the understanding of the processes on Earth systems through isotope mapping (West et al., 2010). Future methodological developments and more affordable analytical costs of the stable isotopes of non-traditional metals will make their use much wider. Broader use will of course pave the route toward novel discoveries and push toward the emergence of unexpected dimensions of knowledge and thus will shape the future of Earth systems chemical dynamics research.

Incorporation of stable isotopes and isotopic fractionation data in the existing biogeochemical models will also be an important step onward, since it would give an opportunity to study the cycling, to simulate perturbation experiments (e.g., under different global change scenarios) and thus to track the key processes over large time scales. A recent example is the insertion of mercury speciation and isotopic fractionation into the global ocean biogeochemistry model, which allowed exploration and understanding of the importance of different processes in the Hg cycle in the oceans (Archer and Blum, 2018).

Biogeochemistry research in the Anthropocene has a great potential, but also an intimidating task to guide and contribute with a knowledge necessary to develop the scientifically sound environmental management practices to reverse current trends of environmental degradation and instead promote planetary wellbeing, secure the integrity of the Earth's life-support systems and sustainable future.
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