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Abstract. Biogeochemistry has an important role to play in many environmental issues of current concern related to global
change and air, water, and soil quality. However, reliable predictions and tangible implementation of solutions, offered by
biogeochemistry, will need further integration of disciplines. Here, we refocus on how further developing and strengthening
ties between biology, geology, chemistry, and social sciences will advance biogeochemistry through: 1) better incorporation
of mechanisms, including contemporary evolutionary adaptation, to predict changing biogeochemical cycles; 2) expanded
integration of data from long-term monitoring sites in terrestrial, aquatic, and human systems across temporal and spatial
scales, including continental and global scales, for modeling efforts; and 3) implementing new and developing insights from
social sciences to better understand how sustainable and equitable responses by society are achieved. The challenges for
biogeochemists in the 21% century are formidable and will require both the capacity to respond fast to pressing issues (e.g.,
catastrophic weather events and pandemics) and for intense collaboration with government officials, the public, and
internationally funded programs. Keys to success will be the degree to which biogeochemistry can make biogeochemical
knowledge more available to policy makers and educators about predicting future changes in the biosphere, on time scales
from seasons to centuries, in response to climate change and other anthropogenic impacts. Biogeochemistry also has a place

in facilitating sustainable and equitable responses by society.



1. Introduction

Biogeochemistry was one of the first truly inter- or multi-disciplinary sciences (Bianchi, 2020; Gorham, 1991; Schlesinger,
40 1991; Vernadsky et al., 1926) and the field continues to expand in multiple directions at an amazing pace; from small scales

via interactions with microbiology and omics approaches (genomics, transcriptomics, proteomics, and metabolomics) (Figure

1) to large scales as a component of Earth System Sciences (Steffen et al., 2020).
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45 Figure 1. The interdisciplinary field of biogeochemistry has advanced with expanded approaches that involve the
integration of core biogeochemical areas with other disciplines needed to understand a rapidly changing Earth system
and meet the needs for sustainability.

A recent review of Biogeochemistry by Bianchi (2020), reflects on these more nascent linkages in molecular biology and their
50 historical and disparate connections. Countries around the world scramble with new health and sociopolitical challenges
ranging from global climate change, to loss of biodiversity, changing ecosystems, and global pandemics (e.g., coronavirus

disease 2019 [COVID-19]) - often linked with the growing human population. Addressing these challenges requires new cross-
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disciplinary approaches by scientists - coupled with a better science—educated public that are more involved with decision-
making on sustainability issues. Some may argue these are “old” questions/challenges previously debated in the academic
circles of Earth Science, Ecology, Ecosystem Science, Biogeochemistry, and the like. However, we contend that humanity
now sits at a “Silent-Spring Moment” with the attention of the global public — in large part due to COVID-19 and recent
catastrophic weather events. Recognition of earlier “moments” of environmental crisis led to the formation of organizations
like the World Climate Research Programme (WCRP), International Geosphere-Biosphere Programme [IGBP]) and the
Intergovernmental Panel on Climate Change (IPCC), to name a few. Kress et al. (2020) posit that “Now is the time to use the
full power of science through cooperative efforts among initiatives such as BIOSCAN, the Global Virome Project (GVP), and
Earth BioGenome Project (EBPP) to advance our understanding of the complex web of interactions that span the domains of
life.” So, how can biogeochemists assist in linking human population dynamics, range expansion effects on element cycling,
organismal adaptation, and contaminant cycling, to name a few, with such global efforts? It has long been recognized that
better integration of environmental sciences and social sciences are needed in seeking a viable sustainability for the future. For
example, the introduction of Translational Ecology (Schlesinger, 2010), as well as continued emphasis by the National Science
Foundation (NSF) and their supported working groups, such as the National Socio-Environmental Synthesis Center (SESYNC

[https://www.sesync.org/]), clearly reflect new solutions to the problem.

Are biogeochemists adequately unified in addressing some of these key global issues in the 21st Century? Most biogeochemists
would agree that better links are needed with Earth System Models, including better links between biogeochemical cycling,
organismal traits and their changes, and environmental modeling. This is a major challenge requiring connections between
cellular and organismal level systems biology with observational and modeling studies of global biogeochemical cycles.
Synergies between detailed process-level understanding through local or regional studies, and the ability to upscale and detect
global change through global-scale observations, have already contributed strongly to progress in our field, advancing beyond
some its previously conceived shortfalls (Cutter, 2005; Likens, 2004). Nevertheless, biogeochemists, amongst others, have
called for more improvements (Groffman et al., 2017) in the accessibility and sharing of complex data (Saito et al., 2020;
Tanhua et al., 2019; Villar et al., 2018), the integration of observations and predictive models (Fennel et al., 2019), and the
incorporation of societal factors (e.g., damming, nutrient management) in model projections (Seitzinger et al., 2010). Here, we
call for better incorporation of mechanistic knowledge from “omic” studies (Urban et al., 2016; Coles et al., 2017) and a
stronger integration of modern and past ecological and evolutionary dynamics with biogeochemistry. Climate-driven range
expansion of organisms, including immigration-emigration patterns by humans, are expected to enhance zoonotic diseases
(both viral and bacterial) (e.g., Han et al., 2015; Allen et al., 2017) and threaten global food supplies (via rise in soil pathogens)
(e.g., Delgado-Baquerizo et al., 2020). These changes are likely to be coupled with broader shifts in community-level
interactions, organismal adaptive change (Scheffers et al., 2010), and associated changes in biogeochemical cycling rates and
fluxes (e.g., nutrient, contaminants, redox conditions etc.) (e.g., Bianchi et al., 2021). In this perspective, we provide some

insights on why these linkages, between biogeochemistry, evolutionary biology, and social sciences, are what we believe to
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be some key foci for biogeochemists in the coming decades. Thus, we argue for better integration of: 1) adaptive evolutionary
change, coupled with range expansion, and biogeochemical cycles, and continued 2) integration of social sciences, focusing

on the human-natural system - in the context of sustainability and biogeochemistry.

2. Eco-Evolutionary Dynamics and Biogeochemistry

There has been a longstanding interest in the co-evolution of life and biogeochemical cycles on Earth, as chemical conditions
of this planet have been strongly influenced by evolving biochemical capabilities of life (Canfield et al., 2007; Lenton et al.,
2014; Saito et al., 2003). Earth’s life support system is inextricably tied to biogeochemical cycling and prokaryote evolution
(Falkowski et al., 2001). Research has shown that understanding such co-evolutionary patterns in prokaryotes are key in
developing environmental engineering solutions for future sustainability in the Anthropocene (Newman and Banfield, 2002).
Also, metazoans have long been recognized as important “engineers’ of Earth’s elemental cycles (Darwin, 1881). Moreover,
a better understanding of organismal/biogeochemical interactions in the fossil record can help predict future linkages between
climate change, organismal adaptation, range expansion, and biogeochemical cycles (Bianchi et al., 2021). For example, range
expansion and/or contraction of marine benthic communities may be linked to climate change (Butois et al., 2020).
Furthermore, evolutionary radiations in marine environments reflect changing feeding guilds and bioturbation activities
(Mangano and Buatois, 2014), which show important biogeochemical feedbacks (e.g., redox changes in sediments) (Boyle et
al., 2014; Butois et al., 2020). We argue that more structured collaboration (via joint workshops and meetings) between
ecological, biogeochemical, evolutionary, and paleoenvironmental scientists is needed in the 21% century to better utilize the

fossil record for such questions.

Recently, evidence has shown that significant evolutionary trait change can occur over time scales of just a few generations,
and the rapidly changing environmental context at local, regional, and global scales during the Anthropocene, leads to strong
selection pressures on populations to adapt (Bell et al., 2008; Hutchins et al., 2015; Kuebbing et al., 2018; Seibel and Deutsch,
2020). Interestingly, this contemporary evolution impacts ecosystem functioning and elemental cycling dynamics (Bassar et
al., 2010; Declerck et al., 2015). In one case, the evolution of zooplankton within a single growth season has been shown to
shape the typical seasonal dynamics of phyto- and zooplankton in lakes (Schaffner et al., 2019). In another example, evolution
in body size in salmon, through its effects on salmon consumption by bears, impacts nutrient transfer from aquatic to terrestrial
systems (Carlson et al., 2011). Many additional surprising pathways and mechanisms, inclusive of ecological aspects like
behavior, remain to be discovered. For example, fear of predation by spiders can alter the elemental composition of
grasshoppers, resulting in changes in production and nutrient cycles in ecosystems (Hawlena et al., 2012). Theory indicates
that rapid evolutionary trait change can also influence the occurrence and (recovery) trajectory of ecosystem regime shifts
(Dakos et al., 2019). Integrating ecological and evolutionary responses is needed to make reliable predictions of how
ecosystems respond to climate change (Matthews et al., 2011) and how this impacts biogeochemical cycles. While the

evolutionary biologists, are well aware of such changes, better linkages with ecosystem ecologists and biogeochemists are
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needed to examine how these adaptive changes in taxa and community composition impact biogeochemical cycles — and how

this gets integrated in future IPCC reports.

In recent decades, the ability to directly track genes and gene functions of organisms in nature, especially in microbes, has
greatly contributed to understanding their interactions with biogeochemical cycles (Martiny et al., 2006: Rusch et al., 2010).
Measurements of microbial transcripts and proteins in natural environments has allowed direct observation of cellular functions
as adaptive responses to the environment (Bergauer et al., 2018: Gifford et al., 2011). These functional systems include
biogeochemically-relevant enzymes, transporters, storage molecules, and regulatory systems, and the quantitation of enzymes
can be used to generate ‘omic-based potential biogeochemical rates (Saito et al., 2020). This provides mechanistic information
about the underpinnings of biological controls on biogeochemistry and allows direct quantification of rate changes along
different pathways. There are, however, many knowledge gaps to fill: roughly half of all genes have unknown function, the
systems biology controlling gene regulation is poorly characterized (Held et al., 2019), and we know little about how the
different biochemical pathways relate to resilience at the ecosystem level. Forging connections between the genetic and
biochemical underpinnings to the production of metabolites that contribute to carbon and other element cycling is primed for
discovery (Soule et al., 2015). Omics studies will also help reveal how the microbiomes of plants, invertebrates and
vertebrates, who make up the predator-prey and decomposition food webs, influence biogeochemical cycles (Macke et al.,
2017).

There is now ample evidence for rapid evolution, where rapid refers to contemporary evolution or evolution in ecological time.
Multiple review papers and books on this topic have emerged (Collins and Bell, 2006; Fussmann et al., 2007; Hutchins et al.,
2019; Palumbi, 2002; Schoener, 2011), as well as a monograph on Eco-evolutionary Dynamics (Hendry, 2017). In brief, from
microbes to plankton, insects to plants, fishes, and birds, there are now hundreds of studies showing significant evolutionary
change in trait values over short time spans —just a few tens of generations. These evolutionary changes have led to functional
trait changes during the course of a few weeks, a few months, or a few years. Such evolutionary changes are rapidly gaining
attention because they can influence ecological responses, including responses to global change where new steep/novel
gradients in “critical zones,” continue to develop in the Anthropocene - in both terrestrial and aquatic systems (e.g., Bianchi
and Morrison, 2018; Chorover et al., 2007). This implies that our analyses of ecological responses and their biogeochemical
implications should not assume that trait values of species are fixed in time, and in equilibrium with biogeochemical rates and
fluxes. Depending on the taxon and the selection pressure, traits can significantly change, and these changes have been shown
to influence ecosystem processes such as consumption, production, respiration and nutrient cycles. Given the importance of
microbes for biogeochemical cycles, this notion becomes even more important, because microbial generation times are short
and can evolve significantly different trait values in a matter of a few days or weeks. For example, Lawrence et al. (2012)
showed that when competing bacterial strains where forced to grow together, they changed their physiology so much that they

became partially dependent on each other, and reached higher densities than when initially grown in the presence of one other.



Yet, these observations of rapid evolution must be reconciled with the fact that the evolution of novel biochemical pathways
(and their impacts on biogeochemical cycles) have occurred rarely, with most arising in Earth’s history (David and Alm, 2011).
Eco-evo dynamics are generally underexplored relative to biogeochemistry thus, we implore this topic is a research frontier

where integration among disciplines will led to significant advances in the 21 century.

155 3. Embracing the Social Dimension

Human-Environment System

Chem’-fa{ Social norms

o,, N Pe:;?":‘&' Social learning Key I:llJEStIOrIS

® Do different biogeochemical pathways
influence individual risk perception and
social behaviour differently?

Biogeo-
chemical
pathways

® [f so, how can the biogeochemical
knowledge we provide better "activate"
the social pathways required to change
behaviour and mitigation human
impacts?

Voting,
as ts

incentives,
and other
policies

nitiatives ® Based on best biogeochemical
knowledge, which social pathways will
mitigate human impacts the most, and

for which biogeochemical systems?

Sassaoud |05

Biogeo-
chemical
pathways

?J\O%eot‘hemlcal pro‘-"G‘Ss*e
5

® |f humans act to reduce one type of
human impact (e.g. nitrogen pollution),
how does that change and interact
other earth system impacts (e.g. ocean
acidification and carbon stocks)?

Institutiona
inertia

Figure 2. “Translational biogeochemistry” would encompass the two-way feedbacks between human and
160 biogeochemical systems. Understanding human societal pathways will be critical in discerning and mitigating future

climate patterns and its biogeochemical consequences.

With growing needs to understand how human population growth will interact with ecosystem evolution, in the face of climate
change and organismal range expansion (including humans), biogeochemistry should continue to explore new dimensions of

165 sustainability throughout the research process - including linkages with the social sciences for a holistic understanding of the
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human-environment system (Figure 2).  These ideas build on earlier notable efforts such as Translational Ecology
(Schlesinger, 2010) and are similar to the idea of translational medicine, an interdisciplinary area of research that aims to
improve human health by accelerating the application of novel research discoveries to improving patient outcomes. Other
fields, such as economics, are also warming to mission-driven research (Mazzucato, 2018). We argue that there is a large gap
between discoveries in biogeochemistry and their application to improving ecosystem health. For example, biogeochemistry
research may present many possible solutions to managing the global carbon budget - from planting a trillion trees, to carbon
taxes and trading, to direct air carbon capture - but their adoption (or not) by various levels of society are not generally studied

scientifically, which could very much hamper the development of solutions.

As human range expansion continues to escalate with climate-change driven food security issues in many countries,
particularly developing nations (Carney and Krause, 2020) integrating human behaviour at several scales is essential. In some
cases, a lack of understanding of social processes can lead to unexpected societal “push back”, rendering scientific knowledge
less impactful. In developed countries, the "yellow vest" protests in France emerged in response to a new carbon tax and
greatly hindered progress toward carbon management goals in that country. Protestors agreed that climate change is an issue
but were not willing to accept socially unjust solutions. Top-down approaches like the Paris agreement, with its ongoing
political challenges and limited efficacy in combating climate, face severe challenges, therefore scientists are rushing to study
how to harness social forces in a polycentric manner in order to tackle global-scale sustainability challenges. Put succinctly,
without involving individuals outside of the field in all stages of the research process, biogeochemistry research that seeks to
advance sustainability through policy or behaviour change risks answering questions that decision-makers are not asking, or
proposing solutions that populations will not adopt. The window of opportunity to protect many of the natural systems we
have the privilege of studying is rapidly disappearing. And, the primary barrier to adoption of many sustainability solutions
are often political and social limitations, not lack of scientific knowledge or availability of technology. Increasing public
awareness of how basic science is linked with environmental problems through early education will be key in reducing these

limitations.

Does the need for socially conscious policy-driven research mean that basic science inquiry in biogeochemistry is dead? Are
we not allowed to wonder about the origin of the earth and the basic processes that underlie the cycling of energy, water, and
nutrients across the surface of the earth? We argue that there is a false dichotomy between biogeochemistry and a translational
bio-geo-socio-chemistry. Indeed, our goals are consistent with Vernadsky’s original vision, as he stated “understanding our
planet the way it is.” The difference is that human influence on the Earth system is now so pervasive that our challenge has
moved from integration of biology, geology and chemistry, to inclusion of social sciences where evidence exists for how
organismal range expansion and/or contraction of say, marine benthic communities in response to climate change (Butois et
al., 2020). Indeed, by including the social sciences, biogeochemistry can help predict future changes in the biosphere in

response to climate change and other anthropogenic impacts, while helping to facilitate sustainable and equitable responses by
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society. Thus, biogeochemical knowledge comes closer to policy makers. Nevertheless, our knowledge of biogeochemical
cycles remains relatively limited compared to other core sciences (biology, chemistry, physics, geology) and thus basic
research will be key in understanding and laying the foundation for good policy development. While the core scientific
disciplines of physics, chemistry, geology, and biology, have long been essential in the development in part, in NASA
exploration, pharmaceutical and engineering materials, petrochemical processes, and medicinal and agricultural biochemistry,

respectively, biogeochemistry in uniquely poised (Figure 1) to serve the public as a core science in a rapidly changing world.

Biogeochemistry is already an inherent component of Sustainability and Earth System Sciences, which are addressing the
overarching challenge of how global change impacts the habitability of the planet and the ability to sustainably use its resources
to feed and supply the world population and economy. A pivotal issue is how organismal, environmental, and societal
processes cause feedbacks that affect biogeochemical cycles and global change (Seitzinger et al., 2010). A “translational”
biogeochemistry would be a natural pathway of research on transformational human-environment processes because: (1) both
sustainability science and biogeochemistry are systems science approaches, and (2) collaboration between biogeochemists and
social scientists could address topical key questions at a scale that is both holistic with respect to social-climate interactions,
and suitably detailed in addressing biogeochemical issues (Figure 2). A holistic human-environment systems approach to
applied biogeochemistry that accounts for social feedback might help winnow down policy recommendations to those that are
both effective and likely to be adopted. Calls for greater integration between social and natural sciences have been made for
years. The barriers slowing this integration are not only due to differences in methodology and perspectives. We speculate
that lack of data on the interactions between social and natural systems has also contributed to this problem. However, we
suggest that the dawn of digital social data has created a vast amount of essentially free observational data on social systems

and their relation to natural systems that could help address this limitation and should be taken advantage of.

Key questions include: Do different biogeochemical systems pathways (e.g., extreme climate events versus ocean
acidification) influence risk perception and social behaviour differently (e.g. GHG emission reduction versus dietary
change)? If so, how can the biogeochemical knowledge we provide better “activate” the social pathways required to support
mitigation behaviour? And, how will feedbacks between different biogeochemical systems hinder or accelerate these social
pathways? An example of such an integrative approach is coupled social-climate modelling (Bury et al., 2019), in which sub-
models are developed both for social dynamics and climate dynamics, and the two sub-models are then coupled together. As
a result of this, socio-economic pathways become a prediction of theoretical models and thus become the subject of scientific
study themselves, instead of being assumptions that are simply input into climate models. A human-environment perspective
would change not only how we think about the natural world, but how we design our research. A sustainability science

approach to research may include stakeholders and policy experts at all stages in the research process.
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4 Summary

The regional and global importance of biogeochemical processes for the homeostasis of Earth’s life support system necessitates
accelerating research to achieve the goal of a sustainable global society. Starting from an awareness of the field’s history, new
developments and key limitations of current approaches, we aimed to develop a perspective on how biogeochemistry can better

serve society.

The challenges and opportunities of 21% century biogeochemists are formidable and will require intense collaboration with
government officials, the public, internationally-funded programs, and other fields in the the social sciences. A keys to success
will be the degree to which biogeochemistry succeeds in making biogeochemical knowledge more available to policy makers
and educators in predicting future changes in the biosphere in response to climate change and other anthropogenic impacts on
time scales from seasons to centuries, and in facilitating sustainable and equitable responses by society. While biogeochemistry
remains a young field, it will have an important role in bringing about a sustainable future. But, there are several impediments
to fully realizing this role, including the need for further integration across disciplines and spatial scales, the intrinsic challenges
of combining increased breadth with mechanistic depth, and the need to strengthen connections to society. While
biogeochemistry has made major achievements in the past century describing Earth’s global and regional biogeochemical
cycles for the first time, we recognize that the field has acquired new societal responsibilities, in particular uncovering how
humans are rapidly changing biogeochemical cycles, assessing the impact of these changes on biological communities and

feedbacks on society, and effectively communicating this information to policy makers and society-at-large.

We call for more focused cross-disciplinary workshops and meetings, in an already complex mixture of interdisciplinary world
in the sciences, that allows for biogeochemistry (both paleo and modern) to utilize its novel origin and evolution (Bianchi.
2020), to better develop a way forward in planning for humans can better plan for their, and other organisms range expansion,
in response to climate change, on the planet. Perhaps a global congress of biogeochemical/climate change is needed to move
this ahead.

Competing interests: The authors declare that they have no conflict of interest.

Acknowledgements: All authors contributed equally to the conceptualization and writing of this document. was

Financial support: T.S.B. was supported in part, by the Beverly Thompson Endowed Chair in Geological Sciences; M.J.S.
acknowledges support from a Natural Sciences and Engineering Research Council of Canada Tier 1 Canada Research Chair

in Integrative Molecular Biogeochemistry



260

265

270

275

280

285

290

References

David, L. A., & Alm, E. J. Rapid evolutionary innovation during an Archaean genetic expansion. Nature. 469,
7328, 93-96. https://doi.org/10.1038/nature09649, 2011.

Bassar, R. D., Marshall, M.C., L6pez-Sepulcre, A, Zandona, E, Auer, S.K, Travis, J., Pringle, C.M., Flecker, A.S.,
Thomas, S.A., Fraser, D.F., and Reznick D.N.: Local adaptation in Trinidadian guppies alters ecosystem processes. Proc. Natl.
Acad. Sci., USA, 107, 3616-3621, https://doi.org/10.1073/pnas.0908023107, 2010.

Bell, G., Collins, S.: Adaptation, extinction and global change. Evol. Appl., 1(1), 3-16, https://doi.org/10.1111/j.1752-
4571.2007.00011.x, 2008.

Bergauer, K., Fernandez-Guerra, A., Garcia J.A.L., Sprenger R.R., Stepanauskas, R., Pachiadaki, M.G., Jensen, O.N.,

and Herndl, G.J.: Organic matter processing by microbial communities throughout the Atlantic water column as revealed by
metaproteomics, Proc. Natl. Acad. Sci., 115(3), E400-E408, ; https://doi.org/10.1073/pnas.1708779115, 2018.

Bianchi, T.S.: The evolution of biogeochemistry, revisited. Biogeochemistry. https://doi.org/10.1007/s10533-020-00708-0,
2020.

Bianchi, T.S., R.C. Aller, T. Atwood, L.A. Buatois, L.A. Levin, J.S. Levinton, J.J. Middelburg, E.S. Morrison, P. Regnier,
M.R. Shields, P.V.R. Snelgrove, E.E. Sotka, and Stanley, R.R.E.: What Global Biogeochemical Consequences Will Marine

Animal-Sediment Interactions Have During Climate Change? Elementa: Science of the Anthropocene (accepted). 2021.

Bianchi TS, and Morrison E.: Human activities create corridors of change in aquatic zones. EOS 99(11):13-15, , 2018
Buatois, L.A., M.G. Mangano, N.J. Monter, and Zhou, K.: Quantifying ecospace utilization and ecosystem engineering during
the early Phanerozoic - The role of bioturbation and bioerosion. Sci. Advances, https://doi.org/10.1126/sciadv.abb0618, 2020

Bury, T. M., Bauch, C. T., and Anand, M.: Charting pathways to climate change mitigation in a coupled socio-climate model.
PLoS computational biology, 15(6): 1007000, https://doi.org/10.1371/journal.pchi.1007000, 2019.

Canfield, D. E., Poulton, S. W. and Narbonne, G.M.: Late-Neoproterozoic deep-ocean oxygenation and the rise of animal
life. Science, 315, 92-95, https://doi.org/10.1126/science.1135013, 2007.

Carlson, S. M., Quinn, T. P. and Hendry, A. P.: Eco-evolutionary dynamics in Pacific salmon, Heredity, 106, 438-47,
https://doi.org/ 10.1038/hdy.2010.163, 2011.

Carney and Krause 2020...

Chorover J, Kretzschmar R, Garcia-Pichel F, Sparks DL.: Soil biogeochemical processes within the critical zone.
Elements 3:321-326, ,2007.

Coles, V. J., Stukel, M.R., Brooks, M.T., Burd, A., Crump, B.C., Moran, M.A., Paul, J.H., Satinsky, B.M., Yager, P.L.,
Zielinski, B.L., and Hood, R.R.: Ocean biogeochemistry modeled with emergent trait-based genomics, Science, 358, 1149-
1154, https://doi.org/10.1126/science.aan5712, 2017.

Crain, R., Cooper, C., & Dickinson, J. L.: Citizen science: a tool for integrating studies of human and natural systems. Annual
Review of Environment and Resources, 39, 641-665, https://doi.org/10.1146/annurev-environ-030713-154609, 2014.

10


https://doi.org/10.1038/nature09649
https://doi.org/10.1073/pnas.0908023107
https://doi.org/10.1111/j.1752-4571.2007.00011.x
https://doi.org/10.1111/j.1752-4571.2007.00011.x
https://doi.org/10.1073/pnas.1708779115
https://doi.org/10.1007/s10533-020-00708-0
https://doi.org/10.1126/sciadv.abb0618
https://doi.org/10.1371/journal.pcbi.1007000
https://doi.org/10.1126/science.1135013
https://doi.org/
https://doi.org/10.1038/hdy.2010.163
https://doi.org/10.1126/science.aan5712
https://doi.org/10.1146/annurev-environ-030713-154609

295

300

305

310

315

320

325

Cutter, G. A.: Biogeochemistry: now and into the future, Palacogeogr., Palaeoclimatol., Palaeoecol., 219, 191-198,
https://doi.org/10.1016/j.palae0.2004.10.021, 2005.

Dakos, V. Matthews, B., Hendry, A.P., Levine, J., Loeuille, N., Norberg, J., Nosil, P., Scheffer, M., and De Meester, L.:
Ecosystem tipping points in an evolving world, Nat. Ecol. Evol., 3, 355-362, https://doi.org/10.1038/s41559-019-0797-2,
2019.

Darwin C. The formation of vegetable mould through the action of worms with some observations on their habits.

John Murray, London https://hdl.handle.net/2027/hvd.32044092526755, 1881

David, L. A., and Alm, E. J.: Rapid evolutionary innovation during an Archaean genetic expansion. Nature, 469 (7328), 93-
96, 2011.

Declerck, S. A. J., Malo, A.R., Diehl, S., Waasdorp, D., Lemmen, K.D., Proios, K., and Papakosta, S.: Rapid adaptation of

herbivore consumers to nutrient limitation: eco-evolutionary feedbacks to population demography and resource control, Ecol.
Lett., 18, 553-562, https://doi.org/10.1111/ele.12436, 2015.

Derouin, S., Geoscientists help map the pandemic, Eos, 101, https://doi.org/10.1029/2020E0143538, 2020.

Fennel, K., Gehlen, M., Brasseur, P., Brown, C.W., Ciavatta, S., Cossarini, G., Crise, A., Edwards, C.A., Ford, D., Friedrichs,
M.A., Gregoire, M., Jones, E., Kim, H., Lamouroux, J., Murtugudde, R., Perruche, C., and the GODAE Ocean View: Marine
Ecosystem Analysis and Prediction Task Team Advancing marine biogeochemical and ecosystem reanalyses and forecasts as
tools for monitoring and managing ecosystem health, Front. Mar. Sci., 6, https://doi.org/10.3389/fmars.2019.00089, 2019

Falkowski, P.G., T. Fenchel, and Delong E.F. The microbial engines that drive Earth’s biogeochemical cycles. Science
320:1034-1039, https://doi.org/10.1126/science.1153213, 2008.

Gifford, S. M., Sharma, S., Rinta-Kanto, J. M. and Moran, M. A.: Quantitative analysis of a deeply sequenced marine microbial
metatranscriptome, The ISME J., 5(3), 461-472, https://doi.org/10.1038/ismej.2010.14, 2011.

Gorham, E: Biogeochemistry: Its origins and development, Biogeochemistry, 13, 199-239,
https://doi.org/10.1007/BF00002942, 1991.

Groffman, P. M., Cadenasso, M.L., Cavender-Bares, J., Childers, D.L., Grimm, N.B., Morgan Grove, J., Hobbie, S.E., Hutyra,
L.R., Darrel Jenerette, G., McPhearson, T., Pataki, D.E., Pickett, S.T.S., Pouyat, R.V., Rosi-Marshall, E., and Ruddell, B.L.:
Moving towards a new urban systems science, Ecosystems, 20, 38-43, https://doi.org/10.1007/s10021-016-0053-4, 2017.

Hawlena, D., Strickland, M. S., Bradford, M. A. and Schmitz, O. J.: Fear of predation slows plant-litter decomposition, Science
336, 1434-1438, https://doi.org/10.1126/science.1220097, 2012

Held, N. A., Mcllvin, M. R., Moran, D. M., Laub, M. T. and Saito, M. A.: Unique patterns and biogeochemical relevance of
two-component sensing in marine bacteria. MSystems, 4(1), e00317-18, https://doi.org/10.1128/mSystems.00317-18, 2019.
Hutchins, D.A., Walworth, N.G., Webb, E.A., Saito, M.A., Moran, D., Mcllvin, M.R., Gale, J., and Fu, F.X.: Irreversibly
increased nitrogen fixation in Trichodesmium experimentally adapted to elevated carbon dioxide. Nat. Comm., 6(1), 1-7,
https://doi.org/10.1038/ncomms9155, 2015.

11


https://doi.org/10.1016/j.palaeo.2004.10.021
https://doi.org/10.1038/s41559-019-0797-2
https://hdl.handle.net/2027/hvd.32044092526755
https://doi.org/10.1111/ele.12436
https://doi.org/10.1029/2020EO143538
https://doi.org/10.3389/fmars.2019.00089
https://doi.org/10.1126/science.1153213
https://doi.org/10.1038/ismej.2010.14
https://doi.org/10.1007/BF00002942
https://doi.org/10.1007/s10021-016-0053-4
https://doi.org/10.1126/science.1220097
https://doi.org/10.1038/ncomms9155

330

335

340

345

350

355

360

Kuebbing,S.E., Reimer A.P., Rosenthal, S.A, Feinberg, G., Leiserowitz, A., Lau, J.A., and Bradford, M.A.: Long-term
research in ecology and evolution: a survey of challenges and opportunities, Ecol. Monogr., 88, 245-258,
https://doi.org/10.1002/ecm.1289, 2018.

Lenton, T.M., Boyle, R. A, Poulton, S. W., Shields-Zhou, G. A. and Butterfield, N. J.: Co-evolution of eurkaryotes and ocean
oxygenation in the Neoproterozoic era, Nat. Geosci., 7, 257-265, https://doi.org/10.1038/nge02108, 2014.

Likens, G. E.: Biogeochemistry: some opportunities and challenges for the future, Wat. Air Soil Pollut., Focus, 4, 5-24,
https://doi.org/10.1023/B:WAF0.0000028341.75842.08, 2004.

Macke, E., Tasiemski, A., Massol, F., Callens M., and Decaestecker, E.: Life history and eco-evolutionary dynamics in light
of the gut microbiota, Oikos, 126, 508-531, https://doi.org/10.1111/0ik.03900, 2017.

Martiny, A. C., Coleman, M. L. and Chisholm, S. W.: Phosphate acquisition genes in Prochlorococcus ecotypes: evidence for
genome-wide adaptation, Proc. Natl. Acad. Sci., 103(33), 12552-12557, https://doi.org/10.1073/pnas.0601301103, 2006.
Matthews, B., Narwani, A., Hausch, S., Nonaka, E., Peter, H., Yamamichi, M., Sullam, K.E., Bird, K.C., Thomas, M.K.,
Hanley, T.C., and Turner, C.B.: Towards an integration of evolutionary biology and ecosystem science, Ecol. Lett., 14, 690-
701, https://doi.org/10.1111/].1461-0248.2011.01627.x, 2011.

Mazzucato, M.: Mission-oriented innovation policies: challenges and opportunities. Industrial and Corporate Change, 27(5),
803-815, https://doi.org/10.1093/icc/dty034, 2018.

Newman, D.K. and J.F. Banfield. Geomicrobiology: how molecular-scale interactions underpin biogeochemical systems,
https://doi.org/10.1126/science.1010716, 2002.

Palumbi, S. R.: The Evolution Explosion: How Humans Cause Rapid Evolutionary Change. W. W. Norton & Company. ISBN
9780393323382, 2002.

Rusch, D. B., Martiny, A. C., Dupont, C. L., Halpern, A. L., and Venter, J. C.: Characterization of Prochlorococcus clades
from iron-depleted oceanic regions, Proc. Natl. Acad. Sci., 107(37), 16184-16189, https://doi/org/10.1073/pnas.1009513107,
2010.

Saito, M. A., Saunders, J.K., Chagnon, M., Gaylord, D., Shepherd, A., Held, N.A., Dupont, C., Symmonds, N., York, A.,
Charron, M., and Kinkade, D.: Development of an ocean protein portal for interactive discovery and education,
https://doi.org/10.1101/2020.05.29.124388, 2020.

Saito, M. A., Mcllvin, M.R., Moran, D.M., Santoro, A.E., Dupont, C.L., Rafter, P.A., Saunders, J.K., Kaul, D., Lamborg, C.H.,
Westley, M., Valois, F., and Waterbury, J.B.: Abundant nitrite-oxidizing metalloenzymes in the mesopelagic zone of the
tropical Pacific Ocean, Nat. Geosci., 13, 355-362, https://doi.org/10.1038/s41561-020-0565-6, 2020.

Saito, M. A., Sigman, D. M. and Morel, F. M.: The bioinorganic chemistry of the ancient ocean: the co-evolution of

cyanobacterial metal requirements and biogeochemical cycles at the Archean-Proterozoic boundary. Inorg. Chim. Acta, 356,
308-318, https://doi.org/10.1016/S0020-1693(03)00442-0, 2003.

12


https://doi.org/10.1002/ecm.1289
https://doi.org/10.1038/ngeo2108
https://doi.org/10.1023/B:WAFO.0000028341.75842.08
https://doi.org/10.1111/oik.03900
https://doi.org/10.1073/pnas.0601301103
https://doi.org/10.1111/j.1461-0248.2011.01627.x
https://doi.org/10.1093/icc/dty034
https://doi.org/10.1126/science.1010716
https://doi/org/10.1073/pnas.1009513107
https://doi.org/10.1101/2020.05.29.124388
https://doi.org/10.1016/S0020-1693(03)00442-0

365

370

375

380

385

390

Schaffner, L. R., Govaert, L., De Meester, L., Ellner, S.P., Fairchild, E., Miner, B.E., Rudstam, L.G., Spaak, P., and Hairston,
N.G.: Consumer-resource dynamics is an eco-evolutionary process in a natural plankton community, Nat. Ecol. Evol., 3, 1351-
1358, https://doi.org/10.1038/s41559-019-0960-9, 2019.

Schlesinger, W.H. Biogeochemistry: An Analysis of Global Change. Academic Press, ISBN: 9780323137843, 1991.
Schlesinger, W.H. Translational Ecology, Science https://doi.org/10.1126/science.1195624, 2010.

Seibel, B. A. and Deutsch, C.: Oxygen supply capacity in animals evolves to meet maximum demand at the current oxygen

partial pressure regardless of size or temperature, J. Exp. Biol., https://doi.org/10.1242/jeb.210492, 2020.
Seitzinger, S. P., Mayorga, E., Bouwman, A.F., Kroeze, C., Beusen, A.H.W., Billen, G., Van Drecht, G., Dumont, E., Fekete,

B.M., Garnier, J., and Harrison J.A.: Global river nutrient export: A scenario analysis of past and future trends. Global
Biogeochem. Cycl., 24, GBOAOS, https://doi.org/10.1029/2009GB003587, 2010.

Soule, M. C. K., Longnecker, K., Johnson, W. M. and Kujawinski, E. B.: Environmental metabolomics: Analytical
strategies, Mar. Chem., 177, 374-387, https://doi.org/10.1016/j.marchem.2015.06.029, 2015.

Steffen, W., Richardson, K., Rockstrom, J., Schellnhuber, H.J., Dube, O.P., Dutreuil, S., Lenton, T.M., and Lubchenco, L.:
The emergence and evolution of Earth System Science, Nat. Rev. Earth Environ., 54-63, https://doi.org/10.1038/s43017-019-
0005-6, 2020.

Tanhua, T., Tanhua, T., Pouliquen, S., Hausman, J., O’Brien, K., Bricher, P., de Bruin, T., Buck, J.J.H., Burger, E.F., Carval,
T., Casey, K.S., Diggs, S., Giorgetti, A., Glaves, H., Harscoat, V., Kinkade, D., Muelbert, J.H., Novellino A., Pfeil, B.,
Pulsifer, P.L., Van de Putte, A., Robinson, E., Schaap, D., Smirnov, A., Smith, N., Snowden, D., Spears, T., Stall, S., Tacoma,
M., Thijsse, P., Tronstad, S.,Vandenberghe, T., Wengren, M., Lyborn, L., and Zhao, Z.: Ocean FAIR Data Services, Front.
Mar. Sci., 6, 440, https://doi.org/10.3389/fmars.2019.00440, 2019.

Urban, M., Bocedi, G., Hendry, A.P., Mihoub, J.B., Pe’er, G., Singer, A., Bridle, J.R., Crozier, L.G., De Meester, L., Godsoe,
W., Gonzalez, A., Hellmann, J.J., Holt, R.D., Huth, A., Johst, K., Krug, C.B., Leadley, P.W., Palmer, S.C.F., Pantel, J.H.,
Schmitz, A., Zollner, P.A., and Travis, J.M.J.: Improving the forecast for biodiversity under climate change, Science, 353,
https://doi.org/10.1126/science.aad8466, 2016.

Vernadsky, V. I.: Biosfera. Leningrad. Seen in abridged English translation, Synergetic Press, Oracle, Arizona (1986), also

available in a complete French translation, La Biosphere, by the author, Alcan, Paris (1929) ~ (1945),
https://doi.org/10.1017/S0376892900036584, 1926.
Villar, E., Vannier, T., Vernette, C., Lescot, M., Cuenca, M., Alexandre,”A., Bachelerie, P., Rosnet, T., Pelletier, E.,

Sunagawa, S., and Hingamp, P.: The Ocean Gene Atlas: exploring the biogeography of plankton genes online, Nucl. Acids
Res., 46(W1), https://doi.org/10.1093/nar/gky376, 2018.

13


https://doi.org/10.1038/s41559-019-0960-9
https://doi.org/10.1126/science.1195624
https://doi.org/10.1242/jeb.210492
https://doi.org/10.1029/2009GB003587
https://doi.org/10.1016/j.marchem.2015.06.029
https://doi.org/10.1038/s43017-019-0005-6
https://doi.org/10.1038/s43017-019-0005-6
https://doi.org/10.3389/fmars.2019.00440
https://doi.org/10.1126/science.aad8466
https://doi.org/10.1017/S0376892900036584
https://doi.org/10.1093/nar/gky376

