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Abstract

The biological carbon pump regulates the earth’s climate by cycling carbon dioxide between
the atmosphere and oceans. In regions where the pump is particularly active, planktonic microbes
can consume all available dissolved oxygen, resulting in oxygen minimum zones where
denitrification becomes the predominant pathway to oxidize organic carbon. This process creates
nitrous oxide, a greenhouse gas with 300 times the global warming potential of carbon dioxide, as
a byproduct. Nitrous oxide production in oxygen minimum zones has important consequences for
determining changes in global warming potential, especially in regions where the biological carbon
pump is especially active. Here, we propose a method of using a representative cohort of microbes
in a laboratory microcosm environment to understand the relationship between nitrous oxide
production and increased organic carbon export via a stimulated biological carbon pump. Sterilized
seawater will be inoculated with microbes captured from the Gulf of Maine. Organic carbon and
microbial communities will be added in the form of copepod fecal pellets. Changes in nitrate and
nitrite levels will be recorded, indicating the presence of denitrification, and used to calculate the
relative production of nitrous oxide in response to organic carbon addition. These data will indicate
the microbes’ ability to anaerobically digest organic carbon and create nitrous oxide. This research
informs the efficacy and risks of proposed anthropogenic manipulation of the biological carbon
pump as a method of carbon capture and sequestration, which is still being tested as a means of
meeting [PCC climate change mitigation goals. Experiments like this, which determine the
production of nitrous oxide in response to such manipulation, will indicate whether this method

has the potential to offer meaningful reductions in global warming risks.

Plain Language Summary

Increasing environmental stresses from climate change are forcing scientists to examine ways
to actively remove greenhouse gases from Earth’s atmosphere. Carbon dioxide (CO.), the most
abundant greenhouse gas responsible for the majority of global warming, is considered the easiest
gas to remove from the atmosphere because of its central role in many natural processes. Possible
pathways to remove atmospheric CO; include afforestation and reforestation, bioenergy and
carbon capture, enhanced weathering of minerals, and enhancement of the ocean’s ability to absorb
COa. Here, I propose investigating the feasibility of a newly proposed method of stimulating the

capture and storage of CO2 by adding dilute amounts of clay minerals to the ocean’s surface.



Because this technique could also lead to an increased release of nitrous oxide, a greenhouse gas
more powerful than CO,, careful examination of the benefits and risks is required. Using
laboratory experiments, I will determine the amount of nitrous oxide produced when this clay
addition approach is used in the ocean. This research will determine the suitability of this
greenhouse gas capture method for large-scale testing and evaluate its potential to impact global

climate conditions.

Introduction

Nitrous oxide (N20) is an especially potent global warming agent. N>O’s century-long
atmospheric residence time and elevated global warming potential in comparison to other
greenhouse gases like carbon dioxide (CO2) and methane present challenges to meeting the climate
stabilization goals outlined in IPCC reports (IPCC, 2022). Despite N>O’s warming capabilities,
plans to limit anthropogenic warming often focus on limiting the more abundant CO,, either by
elimination of CO; sources such as fossil fuels or by carbon capture and storage (CCS) methods
to remove atmospheric CO; for thousands of years (Lomax et al., 2015; Longman et al., 2020;
Smith et al., 2019). At their core, CCS projects alter Earth’s atmosphere to reduce warming caused
by anthropogenic greenhouse gas emissions. Due to proposed global impact, any CCS method
inherently carries with it substantial risks if it underperforms or fails to achieve its goals (McLaren,
2020). While modeling climate changes has inherent uncertainty, modeling the effects of a
heretofore untested global scale project to mitigate climate change is a venture into even less
predictable territory (Gasser et al., 2015; Peters et al., 2013). The success or failure of these
projects can be determined by their net impact on global warming potential, which is itself a
function of their scale of CO» capture, energy requirements and greenhouse gases produced in their
implementation (Smith et al., 2016). The process of calculating these effects is necessarily
complex and thorough, but their demonstrable necessity in meeting climate mitigation goals
demands that any method with the potential for globally meaningful carbon capture be investigated
(Rueda et al., 2021).

Due to their scale, technological ease of implementation, and lower energy requirements,
nature based CCS solutions that leverage natural sources and sinks of greenhouse gas to mitigate
global warming potential have emerged as a favorable approach to CCS (Seddon et al., 2020).

Terrestrial nature based CCS methods compete with human needs for living space and agriculture



but are relatively easy to study, leading to a better understanding of their efficacy than non-
terrestrial methods. (Smith et al., 2019). In contrast, oceanic CCS methods have less competition
for space, but the challenges posed in studying them have led to a less clear image of their scale
of carbon capture, longevity of storage, and ecological and economic tradeoffs resulting from their
implementation (Williamson et al., 2012).

Proposed marine CCS methods are diverse and include a portfolio of approaches that reflect
the complexity of ocean-atmosphere dynamics. Ocean alkalinity enhancement chemistry increases
atmospheric CO2 drawdown by providing a buffer to increase seawater’s abilities to store dissolved
CO»; ocean fertilization promotes phytoplankton growth by providing limiting nutrients to the
photic surface waters, and clay mineral addition enhances the efficacy of organic carbon export
following phytoplankton blooms (Hartmann et al., 2023; Longman et al., 2020, Sharma et al., in
review). The clay mineral addition method proposed by Sharma et al. takes advantage of the
increased settling velocities of larger particles, promoting the aggregation of organic carbon into
larger, faster sinking particles and thereby increasing the flux of particulate organic carbon (POC)
from the epipelagic zone towards the seafloor.

The settling of organic carbon is one step of the biological carbon pump (BCP) pathway, a
biogeochemical cycle that processes 56 Gt of atmospheric carbon annually (Falkowski et al., 1998;
Pennington et al., 2006). However, less than 1% of this atmospheric carbon is effectively
sequestered by the BCP (Figure 1); the majority is remineralized back to CO: by biological activity
(Hedges & Keil, 1995; Honjo et al., 2008; Xie et al., 2019). In regions of very abundant organic
carbon, this biological activity, specifically microbial digestion of POC, consumes dissolved
oxygen (DO) and leads to the creation of low-oxygen environments (Bange et al., 2005; Bianchi
et al., 2018). In these conditions, microbes abandon aerobic respiration in favor of denitrification,
chemically reducing nitrate (NO3") to nitrite (NO2") to serve as the terminal electron acceptor for
digesting POC (Morrison et al., 1999; Naqvi, 1994; Ward et al., 2009; Wright et al., 2012). When
DO concentrations within particles or the water column as a whole reach 20 uM, denitrification
becomes the dominant method of respiration. In a fully deoxygenated region of the water column,
known as the oxygen minimum zone (OMZ), DO concentrations are often less than SuM (Paulmier
& Ruiz-Pino, 2009). In spite of this adaptability to suboxic environments, oxidation of POC by
denitrification is only about 80% as effective as aerobic oxidation (Glud et al., 2015). Because of

this reduced rate of digestion, OMZs tend to act as net carbon sinks, with higher POC sequestration



rates than oxygen rich waters (Devol & Hartnett, 2001; Stukel et al., 2023). While this increases
the potential carbon capture in POC rich environments, denitrification lessens the efficacy of these
regions as carbon sinks (Figure 2) (Codispoti et al., 2001; Wilson et al., 2014).

In-situ measurements of isotope-tagged N>O production indicate up a 6 to 27% decrease in
greenhouse gas warming mitigation achieved by carbon capture in coastal biomes, suggesting that
further investigation of this warming balance is warranted, especially in biomes that will be
manipulated for CCS purposes (Wan et al., 2023). Because clay mineral addition increases the flux
of export carbon, I expect this method to increase atmospheric release of NoOwhere this method
is employed. Because of this relationship, investigation of N2O production in response to clay
mineral stimulated export of organic carbon is critical to understanding the risks of this
proposed CCS strategy (Figure 3).

N0 yielded by denitrification has been studied in aquatic environments, but not in the context
of a stimulated biological pump. In estuaries that undergo water column stratification and high
nutrient input, the mole ratio of N2O produced to NOs reduced is between 0.1% and 0.3%
(Seitzinger, 1988). Because N>O yield varies with DO concentration; the suppression of the nos
(nitrous oxide reductase) gene expression by low levels of oxygen has been proposed as a
mechanism for increased N»O yield at very low concentrations of DO. Suppression of nos prevents
reduction of N>O to N»o. In a suboxic environment where denitrification is the predominant
respiratory pathway, the production of N>O without a mechanism for its reduction to N» results in
increased release of N2O (Beaulieu et al., 2011). Oceanic OMZs, as would be expected to occur in
regions of high POC export, match these conditions. This research addresses one of the most
serious antagonistic side effects of this proposed CCS strategy.

Here, I propose studying the rate of N2O production by inoculating low oxygen seawater
with a microbial cohort and particulate organic carbon to simulate the oxygen minimum
zone created by a highly active biological carbon pump, and recording the changes in
seawater chemistry. Measurement of DO will indicate the consumption of oxygen and
development of OMZ-like conditions by the microbial cohort, while measuring NO3™ and NO>
will provide evidence of ongoing denitrification activity by that cohort. From the reduction of NO3-
to NOy", production of N>O can be inferred. Additionally, transcriptomics can be used to evaluate
the composition and activity of the microbiomes in experimental conditions, further elucidating

the fate of POC exported via clay mineral addition and providing greater understanding of the



efficacy of this method of warming mitigation. If evidence denitrification is observed, attempts to
directly measure the production of N>O by electron capture detection gas chromatography may be
attempted with the help of collaborators. I hypothesize that regardless of initial microbiome
composition, introduction of POC to seawater will lead to the production of OMZ conditions

and the generation of N,O via denitrification.

Mesopelagic

b Figure 1: Global rates of carbon flux in the biological

carbon pump. Data from Pennington et al. and 2006
Honjo et al. 2008. Graphic adapted from wikipedia
user DieBuche 2010.
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Figure 3: Demonstration of typical oceanic carbon fixation vs. phytoplankton bloom conditions and effects of clay minerals on the
biological carbon pump. In Panel A, low phyoplankton density and fixation of atmospheric CO2 to organic carbon (POC) permits aero-
bic microbial oxidation of POC to consume almost all POC in the water column, leading to very high remineralization of POC to CO2
and very little deposition of POC as sediment. In a phytoplankton bloom scenario (Panel B), increased fixation of CO2 to POC and
subsequent addition of clay minerals exports so much POC to the mesopelagic that despite microbial consumption of all available
dissolved 02, POC remains and continues to sink towards the seafloor. In this scenaro, microbes switch to a nitrate-reducing metabol-
ic pathway to continue digesting POC, leading to an increased production of N20 via denitrification and nitrifier denitrification. In this
figure, arrow width is represents flux values of processes; wider arrows meaing greater flux. Images produced using BioRender.



Proposed Methods

The proposed method will evaluate the evolution of the geochemical conditions in seawater
over time, simulating the mesopelagic zone of the ocean as particulate organic carbon sinks
through it.

All containers are sterilized by triple washing with 10% HCI, and then triple rinsing with
MilliQ water. Containers are stored filled with MilliQ water until ready for use.

Seawater was gathered from the Gulf of Maine and filtered (0.2 um) to remove particulate
matter, bacteria, archaea, and other planktons, and stored in sterile 20L HDPE jerry cans at 4°C
until needed for this experiment. We deoxygenated the seawater by bubbling Ar gas at 283 L min-
! while simmering and stirring at 400 rpm, which decreased DO levels to approximately 25 uM to
simulate the upper range of DO concentrations found in the OMZ. One hour of bubbling per liter
of seawater was determined to sufficiently deoxygenate seawater in this fashion.

After deoxygenation, seawater is transferred to an anaerobic glovebox (120 to 140 ppm O2,
Coy Lab Products) where it is aliquoted it into sterile 1L Nalgene HDPE bottles.

POC and microbial cohorts are introduced by adding Calanus finmarchicus fecal pellets to the
sterile suboxic seawater. Calanus finmarchicus are a pelagic copepod, wild-caught in the Gulf of
Maine and subsequently reared in the laboratory on a diet of Rhodomonas. Fecal pellets are
collected from the laboratory aquaria, counted by hand and added to 50 mL centrifuge tubes which
contain sterile suboxic seawater. Although counting and separation of fecal pellets does not occur
in a low-oxygen enviroment, the centrifuge tubes are capped imediately and taken to the glovebox
within half an hour.

The suspension of Calanus finmarchicus fecal pellets is added to each treatment bottle. After
inoculation with fecal pellets, bottles are incubated inside the glovebox. Sample bottles are
incubated at ambient room temperature (approximately 22 °C). Initial proposed sampling times
are indicated in Table 1 and are based on observed sinking rates of Calanus fecal pellets,
simulating approximately 1000 meters of sinking over 5 days. Later experiments may have an
adjusted sampling schedule or duration based on results of preliminary experiments (Desai,
personal communication).

At each sample point, samples are extracted from the bottle via pipette. Samples are aliquoted
from the treatment bottles inside the anaerobic glovebox to prevent exposure to atmospheric

oxygen. DO is measured using a modified Winkler titration method (Kenna, 2006). NO3™ and NO>



are measured using a Shimadzu UV-1900i and the spectrophotometric method described in
Grasshoff (Hansen & Koroleff, 1999; Sharma et al., 2023). Pending indicators of activity, the
active microbiome will be evaluated using RNA-seq sampling, to facilitate this samples will by
aliquoting 500 mL of solution, filtering it with 0.2 uM GF filters, resuspending in extraction buffer,
and storing at -80°C until further RNA isolation and sequencing are possible (Koch et al., 2018;
Rajpathak et al., 2018). Additionally, gas headspace sampling may be employed for direct
measurement of N>O pending the development of collaborator partnerships.

Changes in the NO3;™ and NO»" concentrations will indicate ongoing denitrification by the
microbial community present in Calanus fecal pellets, and evidence that the combined source of
POC and microbes provided by stimulating the biological carbon pump presents a pathway to NoO

release to the atmosphere.

Table 1: Sampling timeline for N>O production measurement
Time (hours) 0 24 48 96 144
Dissolved O v v

NO5

NOy

NEENEENEEN

Microbiome

Preliminary Results

Table 2: Preliminary results of fecal pellet inoculation experiments.

Time (hours) | NO:> - control | NO; — fecal pellet | DO - control DO — fecal pellet
0 .002 uM .002 uM 22 uM 22 uM

24 33 uM 37 uM

48 0.016 uM 0.064 uM

When added to phytoplankton blooms, clay minerals induce the formation of particulate flocs
rich in organic matter (Sharma et al, in review). The bacterial composition of these flocs has been
evaluated and two dominant clades (Rhodobacteraceae and SARI11) identified. Despite the
identification of these clades in laboratory systems, the likelihood that a microbial cohort is
responsible for nitrogen cycling in the open ocean informed the decision to conduct experiments

using a cohort cultured from a wild population (Gilly et al., 2013; Wright et al., 2012). Experiments



with Calanus finmarchicus fecal pellets have already demonstrated the development of OMZ

conditions and the presence of denitrifying bacteria.

Anticipated Results
Result 1: Decrease in dissolved oxygen concentration.

I expect that microbial activity will result in the consumption of residual DO in experimental
treatments. A decrease in DO redox potential will indicate a preference for NO3™ reduction, and
therefore suggests a pathway for N2O production in regions where clay mineral addition might be
employed for CCS.

Result 2: Reduction of NO3™ to NO?", and the associated production of N2O.

I expect that experimental treatments will demonstrate the reduction of NO3™ to NO;™ in suboxic
systems, as expected when denitrification dominates microbial respiratory pathways. The presence
of NOy is indicative of the production of N>O, and if observed, incentivizes working with
collaborators to directly measure N»O rather than inferring it via proxy, potentially using isotope
tagging (Morrison et al., 1999; Nicholls et al., 2007). Additionally, evidence of NO3™ reduction
raises the possibility of an experiment that combines clay mineral flocculation experiments with
N2O production experiments to further quantify the relationship between these two processes.
Result 3: Identification of active denitrifying microbiomes in the Calanus gut.

I expect RNA-seq analysis to reveal that microbes living in the Calanus gut and fecal pellets
are capable of NO3™ reduction and denitrification, and identify the community composition in this
environment.

Result 4: Fate of POC.

I expect that this experiment will enable quantification of POC degradation as a function of

time, modeling the remineralization rate of fecal pellet sourced POC as it is exported towards the

seafloor.

Expected Significance

Coupling N2O production to clay mineral stimulated organic carbon export establishes a
baseline effective rate of this method of climate warming mitigation. These data will guide
further research evaluating the benefits and risks of clay mineral addition, including more detailed

analysis of net greenhouse gas balance, identification of suitable locations to employ this CCS



strategy, and identification of timing with other ecosystem events such as plankton blooms or diel
migration (Kiko & Hauss, 2019).

Regional microbiomes are essential to understanding the dynamics of this process. While the
composition of a microbial community can be expected to change in response to carbon and
nutrient levels, this research enables greater understanding of the specificity of the microbiome
response to these changing conditions (Muratore et al., 2023).

This research establishes methods for future research of suboxic marine environments. As the
Earth’s oceans warm in a changing climate, it is predicted that OMZs will grow in volume and
NOs™ reduction will become a more common respiratory pathway (Gilly et al., 2013; Keeling et
al., 2010; Wright et al., 2012). Developing laboratory methods to study OMZs and their role in
global greenhouse gas budgets builds a platform to answer questions about the future of these
changing ecosystems. Despite their well-documented presence in natural settings, few laboratory
simulations are designed specifically to mimic OMZ conditions. The protocols developed here
contribute to researchers investigating these phenomena and serve as a springboard to develop

more realistic laboratory approximations in the future.

References

Bange, H. W., Naqvi, S. W. A., & Codispoti, L. A. (2005). The nitrogen cycle in the Arabian
Sea. Progress in Oceanography, 65(2—4), 145-158.
https://doi.org/10.1016/j.pocean.2005.03.002

Beaulieu, J. J., Tank, J. L., Hamilton, S. K., Wollheim, W. M., Hall, R. O., Mulholland, P. J.,
Peterson, B. J., Ashkenas, L. R., Cooper, L. W., Dahm, C. N., Dodds, W. K., Grimm, N.
B., Johnson, S. L., McDowell, W. H., Poole, G. C., Valett, H. M., Arango, C. P., Bernot,
M. J., Burgin, A. J., ... Thomas, S. M. (2011). Nitrous oxide emission from
denitrification in stream and river networks. Proceedings of the National Academy of
Sciences, 108(1), 214-219. https://doi.org/10.1073/pnas.1011464108

Bianchi, D., Weber, T. S., Kiko, R., & Deutsch, C. (2018). Global niche of marine anaerobic
metabolisms expanded by particle microenvironments. Nature Geoscience, 11(4), 263—
268. https://doi.org/10.1038/s41561-018-0081-0

Codispoti, L. A., Brandes, J. A., Christensen, J. P., Devol, A. H., Naqvi, S. W. A., Paerl, H. W.,
& Yoshinari, T. (2001). The oceanic fixed nitrogen and nitrous oxide budgets: Moving
targets as we enter the anthropocene? Scientia Marina, 65(S2), 85-105.
https://doi.org/10.3989/scimar.2001.65s285

Devol, A. H., & Hartnett, H. E. (2001). Role of the oxygen-deficient zone in transfer of organic
carbon to the deep ocean. Limnology and Oceanography, 46(7), 1684—1690.
https://doi.org/10.4319/10.2001.46.7.1684



Falkowski, P. G., Barber, R. T., & Smetacek, V. (1998). Biogeochemical Controls and
Feedbacks on Ocean Primary Production. Science, 281(5374), 200-206.
https://doi.org/10.1126/science.281.5374.200

Gasser, T., Guivarch, C., Tachiiri, K., Jones, C. D., & Ciais, P. (2015). Negative emissions
physically needed to keep global warming below 2 °C. Nature Communications, 6(1),
7958. https://doi.org/10.1038/ncomms8958

Gilly, W. F., Beman, J. M., Litvin, S. Y., & Robison, B. H. (2013). Oceanographic and
Biological Effects of Shoaling of the Oxygen Minimum Zone. Annual Review of Marine
Science, 5(1), 393—420. https://doi.org/10.1146/annurev-marine-120710-100849

Glud, R. N., Grossart, H., Larsen, M., Tang, K. W., Arendt, K. E., Rysgaard, S., Thamdrup, B.,
& Gissel Nielsen, T. (2015). Copepod carcasses as microbial hot spots for pelagic
denitrification. Limnology and Oceanography, 60(6), 2026—-2036.
https://doi.org/10.1002/Ino.10149

Hansen, H. P., & Koroleff, F. (1999). Determination of nutrients. In K. Grasshoff, K. Kremling,
& M. Ehrhardt (Eds.), Methods of Seawater Analysis (1st ed., pp. 159-228). Wiley.
https://doi.org/10.1002/9783527613984.ch10

Hartmann, J., Suitner, N., Lim, C., Schneider, J., Marin-Samper, L., Aristegui, J., Renforth, P.,
Taucher, J., & Riebesell, U. (2023). Stability of alkalinity in ocean alkalinity
enhancement (OAE) approaches — consequences for durability of CO » storage.
Biogeosciences, 20(4), 781-802. https://doi.org/10.5194/bg-20-781-2023

Hedges, J. 1., & Keil, R. G. (1995). Sedimentary organic matter preservation: An assessment and
speculative synthesis. Marine Chemistry.

Honjo, S., Manganini, S. J., Krishfield, R. A., & Francois, R. (2008). Particulate organic carbon
fluxes to the ocean interior and factors controlling the biological pump: A synthesis of
global sediment trap programs since 1983. Progress in Oceanography, 76(3), 217-285.
https://doi.org/10.1016/j.pocean.2007.11.003

IPCC. (2022). Global Warming of 1.5°C: IPCC Special Report on Impacts of Global Warming of
1.5°C above Pre-industrial Levels in Context of Strengthening Response to Climate
Change, Sustainable Development, and Efforts to Eradicate Poverty (1st ed.). Cambridge
University Press. https://doi.org/10.1017/9781009157940

Keeling, R. F., Kortzinger, A., & Gruber, N. (2010). Ocean Deoxygenation in a Warming World.
Annual Review of Marine Science, 2(1), 199-229.
https://doi.org/10.1146/annurev.marine.010908.163855

Kenna, T. C. (2006). DETERMINATION OF DISSOLVED OXYGEN BY WINKLER
TITRATION.

Kiko, R., & Hauss, H. (2019). On the Estimation of Zooplankton-Mediated Active Fluxes in
Oxygen Minimum Zone Regions. Frontiers in Marine Science, 6, T41.
https://doi.org/10.3389/fmars.2019.00741

Koch, C. M., Chiu, S. F., Akbarpour, M., Bharat, A., Ridge, K. M., Bartom, E. T., & Winter, D.
R. (2018). A Beginner’s Guide to Analysis of RNA Sequencing Data. American Journal
of Respiratory Cell and Molecular Biology, 59(2), 145-157.
https://doi.org/10.1165/rcmb.2017-0430TR

Lomax, G., Workman, M., Lenton, T., & Shah, N. (2015). Reframing the policy approach to
greenhouse gas removal technologies. Energy Policy, 78, 125-136.
https://doi.org/10.1016/j.enpol.2014.10.002



Longman, J., Palmer, M. R., & Gernon, T. M. (2020). Viability of greenhouse gas removal via
artificial addition of volcanic ash to the ocean. Anthropocene, 32, 100264.
https://doi.org/10.1016/j.ancene.2020.100264

McLaren, D. (2020). Quantifying the potential scale of mitigation deterrence from greenhouse
gas removal techniques. Climatic Change, 162(4), 2411-2428.
https://doi.org/10.1007/s10584-020-02732-3

Morrison, J. M., Codispoti, L. A., Smith, S. L., Wishner, K., Flagg, C., Gardner, W. D., Gaurin,
S., Nagvi, S. W. A., Manghnani, V., Prosperie, L., & Gundersen, J. S. (1999). The
oxygen minimum zone in the Arabian Sea during 1995. Deep Sea Research Part I1:
Topical Studies in Oceanography, 46(8-9), 1903—1931. https://doi.org/10.1016/S0967-
0645(99)00048-X

Muratore, D., Bertagnolli, A. D., Bristow, L. A., Thamdrup, B., Weitz, J. S., & Stewart, F. J.
(2023). Microbial and Viral Genome and Proteome Nitrogen Demand Varies across
Multiple Spatial Scales within a Marine Oxygen Minimum Zone. mSystems, 8(2),
€01095-22. https://doi.org/10.1128/msystems.01095-22

Nagvi, S. W. A. (1994). Denitrification processes in the Arabian Sea. Journal of Earth System
Science, 103(2), 279-300. https://doi.org/10.1007/BF02839539

Nicholls, J. C., Davies, C. A., & Trimmer, M. (2007). High-resolution profiles and nitrogen
isotope tracing reveal a dominant source of nitrous oxide and multiple pathways of
nitrogen gas formation in the central Arabian Sea. Limnology and Oceanography, 52(1),
156-168. https://doi.org/10.4319/10.2007.52.1.0156

Paulmier, A., & Ruiz-Pino, D. (2009). Oxygen minimum zones (OMZs) in the modern ocean.
Progress in Oceanography, 80(3—4), 113—-128.
https://doi.org/10.1016/j.pocean.2008.08.001

Pennington, J. T., Mahoney, K. L., Kuwahara, V. S., Kolber, D. D., Calienes, R., & Chavez, F.
P. (2006). Primary production in the eastern tropical Pacific: A review. Progress in
Oceanography, 69(2—4), 285-317. https://doi.org/10.1016/j.pocean.2006.03.012

Peters, G. P., Andrew, R. M., Boden, T., Canadell, J. G., Ciais, P., Le Quéré, C., Marland, G.,
Raupach, M. R., & Wilson, C. (2013). The challenge to keep global warming below 2 °C.
Nature Climate Change, 3(1), 4-6. https://doi.org/10.1038/nclimate1783

Rajpathak, S. N., Banerjee, R., Mishra, P. G., Khedkar, A. M., Patil, Y. M., Joshi, S. R., &
Deobagkar, D. D. (2018). An exploration of microbial and associated functional diversity
in the OMZ and non-OMZ areas in the Bay of Bengal. Journal of Biosciences, 43(4),
635—-648. https://doi.org/10.1007/s12038-018-9781-2

Rueda, O., Mogollon, J. M., Tukker, A., & Scherer, L. (2021). Negative-emissions technology
portfolios to meet the 1.5 °C target. Global Environmental Change, 67, 102238.
https://doi.org/10.1016/j.gloenvcha.2021.102238

Seddon, N., Chausson, A., Berry, P., Girardin, C. A. J., Smith, A., & Turner, B. (2020).
Understanding the value and limits of nature-based solutions to climate change and other
global challenges. Philosophical Transactions of the Royal Society B: Biological
Sciences, 375(1794), 20190120. https://doi.org/10.1098/rstb.2019.0120

Seitzinger, S. P. (1988). Denitrification in freshwater and coastal marine ecosystems: Ecological
and geochemical significance. Limnology and Oceanography, 33(4part2), 702—724.
https://doi.org/10.4319/10.1988.33.4part2.0702

Sharma, D., Biswas, H., Chowdhury, M., Silori, S., Pandey, M., & Ray, D. (2023).
Phytoplankton community shift in response to experimental Cu addition at the elevated



CO2 levels (Arabian Sea, winter monsoon). Environmental Science and Pollution
Research, 30(3), 7325—7344. https://doi.org/10.1007/s11356-022-22709-2

Smith, P., Adams, J., Beerling, D. J., Beringer, T., Calvin, K. V., Fuss, S., Griscom, B.,
Hagemann, N., Kammann, C., Kraxner, F., Minx, J. C., Popp, A., Renforth, P., Vicente,
J. L., & Keesstra, S. (2019). Impacts of Land-Based Greenhouse Gas Removal Options
on Ecosystem Services and the United Nations Sustainable Development Goals.

Smith, P., Davis, S. J., Creutzig, F., Fuss, S., Minx, J., Gabrielle, B., Kato, E., Jackson, R. B.,
Cowie, A., Kriegler, E., Van Vuuren, D. P., Rogelj, J., Ciais, P., Milne, J., Canadell, J.
G., McCollum, D., Peters, G., Andrew, R., Krey, V., ... Yongsung, C. (2016).
Biophysical and economic limits to negative CO2 emissions. Nature Climate Change,
6(1), 42-50. https://doi.org/10.1038/nclimate2870

Stukel, M. R., Irving, J. P., Kelly, T. B., Ohman, M. D., Fender, C. K., & Yingling, N. (2023).
Carbon sequestration by multiple biological pump pathways in a coastal upwelling
biome. Nature Communications, 14(1), 2024. https://doi.org/10.1038/s41467-023-37771-
8

Wan, X. S., Sheng, H.-X., Dai, M., Casciotti, K. L., Church, M. J., Zou, W., Liu, L., Shen, H.,
Zhou, K., Ward, B. B., & Kao, S.-J. (2023). Epipelagic nitrous oxide production offsets
carbon sequestration by the biological pump. Nature Geoscience, 16(1), 29-36.
https://doi.org/10.1038/s41561-022-01090-2

Ward, B. B., Devol, A. H., Rich, J. J., Chang, B. X., Bulow, S. E., Naik, H., Pratihary, A., &
Jayakumar, A. (2009). Denitrification as the dominant nitrogen loss process in the
Arabian Sea. Nature, 461(7260), 78-81. https://doi.org/10.1038/nature08276

Williamson, P., Wallace, D. W. R., Law, C. S., Boyd, P. W., Collos, Y., Croot, P., Denman, K.,
Riebesell, U., Takeda, S., & Vivian, C. (2012). Ocean fertilization for geoengineering: A
review of effectiveness, environmental impacts and emerging governance. Process Safety
and Environmental Protection, 90(6), 475—488.
https://doi.org/10.1016/j.psep.2012.10.007

Wilson, S. T., Del Valle, D. A., Segura-Noguera, M., & Karl, D. M. (2014). A role for nitrite in
the production of nitrous oxide in the lower euphotic zone of the oligotrophic North
Pacific Ocean. Deep Sea Research Part I: Oceanographic Research Papers, 85, 47-55.
https://doi.org/10.1016/;.dsr.2013.11.008

Wright, J. J., Konwar, K. M., & Hallam, S. J. (2012). Microbial ecology of expanding oxygen
minimum zones. Nature Reviews Microbiology, 10(6), 381-394.
https://doi.org/10.1038/nrmicro2778

Xie, F., Tao, Z., Zhou, X., Lv, T., & Wang, J. (2019). Spatial and Temporal Variations of
Particulate Organic Carbon Sinking Flux in Global Ocean from 2003 to 2018. Remote
Sensing, 11(24), 2941. https://doi.org/10.3390/rs11242941



