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Global niche of marine anaerobic metabolisms
expanded by particle microenvironments

Daniele Bianchi**, Thomas S. Weber?°, Rainer Kiko? and Curtis Deutsch*

In ocean waters, anaerobic microbial respiration should be confined to the anoxic waters found in coastal regions and tropical
oxygen minimum zones, where it is energetically favourable. However, recent molecular and geochemical evidence has pointed
to a much broader distribution of denitrifying and sulfate-reducing microbes. Anaerobic metabolisms are thought to thrive in
microenvironments that develop inside sinking organic aggregates, but the global distribution and geochemical significance of
these microenvironments is poorly understood. Here, we develop a new size-resolved particle model to predict anaerobic respi-
ration from aggregate properties and seawater chemistry. Constrained by observations of the size spectrum of sinking particles,
the model predicts that denitrification and sulfate reduction can be sustained throughout vast, hypoxic expanses of the ocean,
and could explain the trace metal enrichment observed in particles due to sulfide precipitation. Globally, the expansion of the
anaerobic niche due to particle microenvironments doubles the rate of water column denitrification compared with estimates
based on anoxic zones alone, and changes the sensitivity of the marine nitrogen cycle to deoxygenation in a warming climate.

oxygen (O,) to respire and derive energy from sinking organic

matter. In anoxic waters, where O, falls below nanomolar
levels', specialized microbes dominate the community and respire
using a sequence of alternative oxidants, in order of their free energy
yield, as commonly observed in sediments”. Of the oxidants that are
abundant in seawater, nitrate (NO;") yields the most energy after
O,, followed by sulfate (SO,>). It follows that, outside sediments,
denitrifying metabolisms (which reduce NO;™ to dinitrogen gas N,)
should be confined to anoxic waters of coastal regions and tropi-
cal oxygen minimum zones (OMZs) and SO, reducers should
lack a niche in the open ocean where O, and NO;~ exhaustion
never overlap™*.

Recently, multiple lines of evidence have challenged this tra-
ditional view of microbial respiration in the ocean. Microbial lin-
eages with the ability to reduce nitrogen (N) have been observed
in oxygenated waters™®, and nitrogen-based respiration has been
measured outside anoxic waters’”. Molecular evidence further
indicates that sulfur-based metabolism is active within each of the
ocean’s three major OMZs'*~'? in the presence of abundant nitrate,
and potentially over vast oxygenated regions'.

The occurrence of anaerobic metabolisms outside anoxic
regions might be explained by the formation of microenvironments
inside sinking organic aggregates, where concentrated respiration
results in local O, exhaustion'*'"®. Anoxic microenvironments have
been observed within millimetre-scale marine aggregates'*'”, and
appear to support both denitrification”*'*'” and sulfate reduction'®.
Hydrogen sulfide (H,S) liberated in microenvironments could drive
the precipitation of chalcophile metals as insoluble complexes,
which might explain the dissolved deficits and particulate enrich-
ments of trace metals observed in hypoxic regions (where oxygen
concentrations [O,] are <60puM)'**. Despite this wide range of
observations, the conditions that drive the formation of microen-

| hroughout the well-oxygenated ocean interior, microbes use

vironments and their integrated effect on global biogeochemical
cycles remain highly uncertain.

Particle size spectrum and microenvironment model

To close these gaps, we developed a new size-resolved model of sink-
ing organic particles that explicitly simulates the formation of anoxic
microenvironments and predicts the rates of anaerobic metabolism
that they harbour (Fig. 1). Particle transformations in the ocean
depend on the complex interaction of physical, chemical and bio-
logical processes, many of which are still being uncovered*'-**. Our
model employs simplified, data-constrained parameterizations of
these transformations, and takes a first step towards explicitly cou-
pling particle-scale biogeochemistry to seawater chemistry.

A power-law size spectrum of particles is produced in the surface
euphotic zone of the model and evolves over depth due to differ-
ential settling”, disaggregation® and remineralization” (Methods,
Fig. 1a). The model then tracks the size, particulate organic carbon
(POC) mass and number density of particles in hundreds of classes
through the water column. At the particle scale, remineralization
is represented by first-order respiration of POC by oxidants (O,,
NO;~, SO,>) diffusing in from the surrounding seawater (Fig. 1b,
Methods). Oxidants are utilized in a stepwise manner in order of
their free energy yield?, and their internal distribution inside each
particle is solved (Fig. 1c) based on a spherical diffusion-reaction
balance, assuming diffusive equilibrium with the environment (see
Supplementary Information). If the diffusive supply of O, cannot
meet its demand by respiration, an anoxic microenvironment forms
(Fig. 1b,c), in which respiration proceeds using NO;~. Should deni-
trification exhaust NO;~, a second, sulfate-reducing zone forms in
the particle core (Fig. 1b,c). In both microenvironments, respira-
tion rates are slowed in proportion to the free energy yield of each
anaerobic pathway relative to aerobic respiration. This results in a
small (~1%) slowdown during denitrification, but an almost tenfold
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Fig. 1| Particle size spectrum and microenvironment model schematic.
a, The model simulates a size spectrum of particles leaving the euphotic
zone (z,,), and evolving over depth due to size-dependent sinking rates
(w,), remineralization and disaggregation. b, Schematic of an individual
particle surrounded by a diffusive boundary layer &, (dashed black line),
with colours indicating redox microenvironments in which respiration is
fuelled sequentially by O, (green), NO;~ (orange) and SO 2~ (red). Hypoxic
to anoxic conditions favour anaerobic respiration within large particles,
and precipitation of Cd as CdS is simulated in particles undergoing

SO,% reduction. ¢, Oxidant concentrations (C) normalized to seawater
concentrations (C*) inside a particle of radius r,=1mm sinking through

a water column with [0,]1=50 pM and [NO,;~]1=10 pM. Sulfate depletion
relative to seawater is multiplied by 10 times for clarity. Coloured shading
and vertical lines represent zones and boundaries as in panel b.

slowdown during SO,*~ reduction, consistent with more complex
mechanistic models of microbial metabolism™.

Particle properties that strongly influence the onset of anaerobic
respiration include their size, internal diffusivity, volumetric POC
content and remineralization rates (Supplementary Information).
We therefore simulated a range of particle sizes representative of
the open ocean (10pm-5mm diameters)”*, and parameterized
the model using measured particle diffusivities®, a compilation of
observed POC versus size relationships (Supplementary Fig. 1a)
and depth-varying respiration rates as observed by particle incuba-
tors in the low-latitude ocean® (Supplementary Fig. 1b).

Model case studies

We applied our model in two regions where recent observations
indicate redox cycles that cannot be explained by seawater chemis-
try alone®'"?’: the Eastern Tropical South Pacific (ETSP, Fig. 2a-c,
Supplementary Fig. 2a,b) and the Mauritanian upwelling zone in
the North Atlantic Ocean (Fig. 2d-f, Supplementary Fig. 2¢,d). In
each region, observed O, and NO;™ profiles were used as chemical
boundary conditions for the diffusion-reaction model (Fig. 2a,d), and
poorly-constrained rates of particle disaggregation were optimized to
reproduce the size spectra observed by Underwater Vision Profiler 5
(UVP5)* and realistic flux profiles” (Methods, Supplementary Figs. 2—
4). This ensures that size-dependent microenvironment processes are
integrated across a realistic particle size distribution (PSD, Fig. 2a,d) to
estimate their contribution to water column respiration.

In the ETSP, a thick OMZ is observed in the water column
between ~150-600 m depth (Fig. 2a), with [O,] in the suboxic range
(<5pM). Our model predicts that small particles (diameter <100 p
m) only develop anoxic interiors as they sink through this suboxic
layer, whereas larger particles can sustain anaerobic microenvi-
ronments in the hypoxic waters above and below it (Fig. 2b). This
expands the niche of denitrifiers vertically into the upper and lower
oxyclines, as previously suggested*?, and allows denitrification to
fuel >1% of total particle respiration in waters as deep as 1,000m
(Fig. 2c), where genomic evidence also indicates NO;~ reduction
on particles®. Furthermore, sulfate-reducing zones develop in large
aggregates (>0.5 mm) throughout the OMZ, and particularly within
the upper oxycline between 100-300m depth (Fig. 2b) where res-
piration is fastest (Supplementary Fig. 1b) and there is less NO;™ to
fuel denitrification (Fig. 2b). Integrated across the size spectrum,
25-40% of the total particle volume harbours SO,*~ reduction in
this depth interval (Fig. 2c). However, because SO,*~ reduction
decomposes POC approximately tenfold slower than aerobic respi-
ration, it contributes only ~5% of total carbon remineralization in
the anoxic zone (Fig. 2c)—within the range suggested by incuba-
tion experiments from anoxic waters off the coast of Chile", and
easily accommodated by isotopic constraints®. As a result of this
respiration slowdown, particle fluxes attenuate less rapidly with
depth compared with oxygenated waters (Supplementary Fig. 3d),
in agreement with observations from anoxic regions™.

The water column of the Mauritanian upwelling is better oxy-
genated than the ETSP, but [O,] drops to hypoxic levels in the ther-
mocline between 100-600m (Fig. 2d). Here, our model predicts
that only large millimetre-sized aggregates develop anoxic micro-
environments, but the relatively low [NO;7] in the Atlantic thermo-
cline cannot meet the residual oxidant demand in these particles,
which rapidly progress to sulfidic conditions (Fig. 2e). Integrated
across the size spectrum, ~10% of the particle volume sustains res-
piration by SO,*~ reduction in the upper oxycline, compared with
5% by denitrification (Fig. 2f).

Our assumption that denitrification proceeds at a similar rate to
aerobic respiration (due to their comparable free energy yields) does
not account for potential slowing due to particle colonization or bio-
chemical limitations. However, our results are relatively insensitive
to this factor: halving the C-specific respiration rate during denitri-
fication reduces water column denitrification and sulfate reduction
rates by less than 20% in our case study sites (Supplementary Fig. 5).

Trace metal precipitation

Our model prediction of sulfidic particles in the Mauritanian upwell-
ing zone is consistent with the hypothesis that elevated particulate
cadmium (Cd) relative to phosphorus (P) observed in the region
reflects Cd precipitation as sulfide complexes within microenvi-
ronments”. To test this hypothesis quantitatively, we extended our
microenvironment model to simulate CdS accumulation (Fig. 1b).
In particles undergoing active SO,*~ reduction we assume that H,S
is abundant enough to precipitate all Cd diffusing into the particle,
which is computed from the observed Cd concentration profile
(see Methods), and Cd released internally during organic matter
remineralization. When SO,~ reduction ceases in well-oxygenated
waters, the accumulated CdS is assumed to dissolve at a first-order
rate.

We used an optimization method to test whether our model of
sulfide precipitation can explain the particulate Cd:P ratios observed
in the Mauritanian upwelling zone, without violating observa-
tional constraints on model parameters (Methods, Supplementary
Table 4). With only minor adjustment from the default parameter
values used in previous simulations (Fig. 2), our model can accu-
rately reproduce the broad characteristics of observed particle pro-
files from the region (Fig. 3, Supplementary Fig. 6). As particulate
organic P (proportional to POC) remineralizes and CdS accumulates
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Fig. 2 | Predicted microenvironment distributions at two sites in the tropical ocean. a-c, ETSP. d-f, Mauritanian upwelling. a,d, Observed O, (solid black
line) and NO;~ (dashed black line) profiles, and the slope of the PSD from the model (green line) and from underwater vision profilers (green shading,
90% confidence intervals). b,e, Fraction of particle volume where respiration is fuelled by denitrification (background colours) and SO,?~ reduction
(black contours). ¢ f, Total fraction of particle volume (dashed lines) and respiration (solid lines) associated with denitrifying and SO ,2~-reducing

metabolisms, integrated across all particle size classes.
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Fig. 3 | Microenvironment-driven accumulation of trace metals in the tropical North Atlantic. Simulated particle properties (integrated over the size
spectrum) from optimized microenvironment model (thick black lines) compared with observations (red dots, with 26 uncertainty) from the Mauritanian
upwelling zone. a, Particulate organic phosphorous, related to POC using Redfield stoichiometry (106 C:1P). Observations are from ref. ?°. b, Particulate Cd
(pCd), including the simulated contribution of particulate organic Cd (POCd) and CdS. ¢, The pCd:P ratio.
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Fig. 4 | Expanded niche of anaerobic metabolism in the ocean. a,b,
Predicted contribution of denitrification (a) and SO,>~ reduction (b) to
depth-integrated POC respiration. Green and black contours enclose
hypoxic and suboxic regions, respectively. Based on seawater chemistry
alone, anaerobic respiration should only be expected within the black
contour. Coloured dots indicate direct (blue)*", molecular (cyan)>¢1°-2
and trace metal (magenta)'*?° evidence that suggests denitrification is
occurring in the presence of O, (a) and SO,?~ reduction in the presence
of NO5~ (b). Maps average 24 simulations sampling observed ranges
for uncertain parameters (Supplementary Table 4). ¢, Water column
denitrification rates integrated over volumes with a given [O,], estimated
by combining the microenvironment model with satellite estimates of
POC export (Methods). Bars and error bars represent the mean and s.d.,
respectively, obtained from combining 24 model parameter sets and

9 POC export estimates (216 different estimates in total).

in the hypoxic layer (Fig. 3a,b), particulate Cd:P reaches a pro-
nounced peak at ~300m (Fig. 3¢). In deeper waters, CdS dissolves
from re-oxygenating particles, and Cd:P gradually declines back
towards the ratio assumed for organic matter itself.

The close agreement between our model results and observa-
tions suggests that CdS precipitation is a plausible explanation for
particulate Cd enrichment in this region®, although other hypoth-
eses cannot be ruled out. Similar elevated Cd:P ratios were recently
observed extending from the ETSP OMZ™”, but have been attrib-

uted to trace metal enrichment of prokaryotic communities liv-
ing in anaerobic waters™ and scavenging by Fe oxyhydroxides™.
Further modelling work that leverages seawater and particulate
chemistry constraints, including element partitioning between dif-
ferent particle size classes®, might help to distinguish between these
competing hypotheses.

Global distribution of microenvironments

To assess the global distribution and biogeochemical role of
anoxic microenvironments, we applied the model to each O, and
NO;™ profile in the World Ocean Atlas climatology’. We adopted
a globally uniform surface particle spectrum distribution based
on analysis of UVP5 measurements” (Supplementary Fig. 7), and
tested a broad swathe of parameter values in cases where uncer-
tainty ranges are well established from observations (Methods,
Supplementary Table 4).

Our global simulation predicts that the three major OMZs in
the Tropical Pacific and Arabian Sea are the only regions where
denitrification contributes >10% of total depth-integrated respira-
tion, but microenvironments support appreciable denitrification
throughout large hypoxic regions of the tropics, and the subtropi-
cal and subarctic North Pacific (Fig. 4a). In the model, denitrifica-
tion contributes >1% of POC decomposition in 3-6% of the global
water column (4.5-9 X 107 km?, where the range reflects uncertainty
in model parameters), representing a ~100-fold geographical range
expansion relative to the volume of permanently suboxic waters
(~5x10°%km?®). Sulfate reduction contributes approximately 1% of
depth-integrated POC respiration in OMZ regions, and is sustained
at lower levels (~0.1%) throughout the tropics, coastal zones and the
subarctic North Pacific (Fig. 4b). These ranges encompass locations
where molecular evidence, direct observations and trace metal dis-
tributions suggest denitrification in the presence of dissolved O, and
SO,*" reduction in the presence of O, and NO;~ >*%!%-12!% (Fig. 4a,b).
Our model shows that all these disparate observations could be
explained by widespread particle microenvironments, which
expand the niche of anaerobic metabolisms far beyond the limits
implied by seawater chemistry.

We estimated absolute rates of particle-associated denitrification
in the water column by combining our model results with satellite
estimates of organic carbon export from the euphotic zone, which
determines the total carbon available for respiration through the
water column (Methods). After propagating uncertainty in model
parameters and satellite export estimates, this calculation yields an
integrated water column denitrification rate of ~57+21TgNyr™!
within the OMZs, which is similar to previous estimates based
on excess N, gas measurements®, nitrate deficits” and particle
flux within OMZs". However, we find that particle-associated
denitrification outside of suboxic waters contributes a similar N
loss rate (64+33TgNyr) when integrated across the expansive
hypoxic regions that sustain anaerobic microenvironments (Fig. 4c,
Supplementary Fig. 8). When combined, this yields a global water
column denitrification rate of 121+54TgNyr~!, approximately
double that of current estimates based on suboxic zones alone.

Large-scale precipitation rates of chalcophile trace metals can
also be predicted in our global model, based on the abundance of
sulfidic microenvironments and the distribution of trace metals,
which we mapped using their strong statistical relationship to other
nutrients (Methods). If microenvironments are indeed responsible
for scavenging trace metals, they could contribute to the removal of
up to 1.4+ 0.8 Gmolyr~ of Cd and 9.7 +4.2 Gmolyr~ of zinc (Zn)
from hypoxic thermocline waters and their delivery to deeper lay-
ers—significant rates compared with the thermocline inventories
of those metals (~100Gmol and ~800 Gmol respectively, between
0-1,000m). This process might contribute to the slight decoupling
of Cd from macronutrient cycles*, and explain Zn stress of diatoms
in upwelling zones*.
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Fig. 5 | Sensitivity of particle denitrification to climate-forced oxygen trends. a, Mean O, change between 1900 and 2100 in the upper 1,000 m, averaged
across five CMIP5 simulations (Supplementary Table 5) under the high-emission RCP8.5 scenario. b, Change in vertically integrated denitrification
predicted by the particle model, forced by the CMIP5 O, change. Regional integrals (TgN yr ™) in the tropics and subarctic North Pacific are annotated.

Implications for the global N cycle

The prevalence of denitrifying microenvironments implied
by our model would change the traditional view of marine N
loss inferred from geochemical tracers. The mean-ocean iso-
topic composition of NO,~ suggests that 1.3-3 times more N is
removed by benthic denitrification in anoxic sediments, where
isotopes are not fractionated, than in the suboxic water column
where isotopes are strongly fractionated*~**. The upwards revi-
sion of water column rates predicted here (Fig. 4c) may thus
require a corresponding increase in benthic denitrification. In
turn, this would imply an imbalance of the ocean N budget,
unless the increased fixed N losses are balanced by higher N fix-
ation rates than are currently assumed. This possibility is con-
sistent with upwards revisions of global N fixation estimates®,
reflecting widespread activity of cyanobacterial diazotrophs
or, potentially, heterotrophic diazotrophs. Alternatively, the
increase in water column denitrification could be accommo-
dated by a different fractionation effect for particle-bound
denitrification in the oxygenated ocean. Denitrification out-
side OMZ waters is confined to very large particles that com-
pletely deplete nitrate diffusing in from seawater, as evidenced
by their rapid progression to SO,/ reduction (Fig. 2b.e).
This localized depletion should result in weaker effective iso-
tope fractionation than is expected for water column denitrifi-
cation. Some of the non-fractionating denitrification previously
assumed to occur in sediments might therefore occur in the
hypoxic water column instead, changing the relative contribu-
tion of these environments to observed fixed N deficits.

The broad distribution of particle-bound denitrification would
also imply a more complex sensitivity of water column denitrifica-
tion to climate-driven changes in O, than previously recognized.
The Earth system models compiled by the Fifth Climate Model
Intercomparison Project (CMIP5) predict that anthropogenic
global warming will result in a decline of the mean ocean O, con-
tent due to reduced solubility and enhanced stratification of the
upper ocean*’. Counter to the global trend, the tropical thermo-
cline oxygenates over the same period in these models (Fig. 5a),
probably due to weakened upwelling as the trade winds slacken in
a warming climate®’.

To illustrate the response of particle-bound denitrification to
these changes, we repeated our global microenvironment calcula-
tions while imposing ensemble-mean [O,] changes between 1900
and 2100 from the CMIP5 high-emission scenario (Supplementary
Table 5) on the observed distribution (Methods). We find that
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tropical oxygenation reduces denitrification rates in low-latitude
upwelling zones by 34 TgNyr~', whereas the broader deoxygen-
ation trend expands hypoxic conditions in the subarctic North
Pacific, increasing particle-bound denitrification by 24 TgNyr.
These results imply that climate-forced changes in ocean [O,] could
drive a major shift of denitrification from low to high latitudes in
the Pacific Ocean, with important implications for N limitation of
primary production.

The large-scale distribution and climate sensitivity of microenvi-
ronment respiration predicted by our model (Figs. 4 and 5) is consis-
tentwitharange of data constraints, butrequires further confirmation
by direct observations. Efforts to assess the distribution of microbes
with anaerobic capability, their association with particles and the
relative efficiency of aerobic and anaerobic metabolism will pro-
vide valuable new constraints, and stand to benefit from application
of modern molecular and biogeochemical approaches''” at the
scale of individual aggregates'®. Future modelling work should tar-
get the broad signatures that widespread particle-bound denitrifica-
tion, sulfate reduction and trace metal scavenging would leave on
seawater geochemistry, which will provide important diagnostic
constraints on these process rates.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
0rg/10.1038/s41561-018-0081-0.
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Methods

Overview of the particle microenvironment model. We expanded on previous
work'>* to develop a size-resolved model of particle sinking and remineralization
that also includes chemical processes at the particle scale (Fig. 1).

The model tracks the number, organic carbon mass and Cd content of a size
spectrum of particles as they sink out of the euphotic zone and remineralize
through a one-dimensional (1D) water column (Fig. 1a). Depending on particle
size and seawater chemistry, O, (the default oxidant) can be exhausted inside
particles creating zones where NO,™ and SO,*~ are utilized for organic matter
respiration (Fig. 1b,c). For each particle size class and depth level, the model
calculates the fraction of particle volume where respiration is fuelled by O,, NO,~
and SO,*7, and converts these into carbon respiration and oxidant utilization rates.
The model further tracks the Cd content of each particle by allowing cadmium
sulfide (CdS) to precipitate when SO,*~ reduction takes place, and CdS dissolution
when particles return to oxygenated conditions.

We implemented the 1D water column model for the Mauritanian® and
Peruvian'' upwelling systems (Fig. 2 and Supplementary Fig. 2), constraining the
model with particle size spectra observations from underwater vision profilers.
We then extended model predictions globally by conducting a 1D calculation
at each latitude and longitude using climatological O, and NO,~ as boundary
conditions (Fig. 4), and propagated the uncertainty from model parameters and
particle export estimates.

The model formulation and implementation are described in the following
Methods sections; detailed derivations, model equations and numerical methods
are presented in the Supplementary Information.

Particle size spectrum model. We expanded an existing particle size spectrum
model (PRiSM)*, and re-calibrated it with UVP5 observations*”*’. The model
tracks the POC mass of a size spectrum of particles, characterized by their radius
1o, as they sink through the water column. The size distribution # (number per
volume per size increment) of particles evolves below the euphotic zone (z,,) and
is determined by the following equation:

d_n 0(Wn)
at 0z

0r0
()ro at

+C+F )

solved for steady state (2 =0 ). The first two terms on the right-hand side of
equation (1) represent grav1tat10na1 settling and the change in particle size due
to remineralization respectively, and have been previously described™. Briefly,
particles sink at a speed w,=c 1, where c,, is a reference velocity coefficient and
7 the allometric exponent™'. We do not attempt to resolve poorly understood
processes of particle colonization by heterotrophs, but instead assume that
aggregates are internally colonized by microbes with a range of metabolic
capabilities, which maintain uniform remineralization rates throughout the
particles. Remineralization is represented by first-order mass loss at rate c,, so that
% = —¢,POC following an individual particle. The POC mass is described by
the empirically derived power law POC =, 7', where c, is a reference carbon
content, and a an allometric exponent that encapsulates the fractal nature of

marine particles'*””. It follows that “m’0. dcmro =—c,c r(;’, which can be recast to yield

the equation for the particle radius rate of change = —7r in equation (1).

The boundary condition for equation (1) is the initial pamcle spectrum leaving
the base of the euphotic zone, which is assumed to follow a power-law relation
n(z=2z,,r)= nofﬁﬂ, where 1, determines the total number of particles, and the
exponent f3, the size distribution. A larger value of f, (that is, a 'steeper' spectrum)
reflects a greater contribution of smaller particles.

Here, we extend the size spectrum model in two important ways. First, the
original version neglected the effects of aggregation and disaggregation (C and F
in equation (1) respectively), resulting in the preferential loss of small particles over
depth that is not observed in size spectra profiles”. Because dlsaggregatlon rates
exceed aggregation by up to an order of magnitude in subsurface waters®,
we include a term representing net disaggregation that converts large particles into
a spectrum of smaller particles at a first-order rate (Supplementary Information
Section 1.1). This simple approach does not resolve the poorly known processes
of particle fragmentation, but ensures that the simulated size spectra remain close
to observations. Second, we prescribe a decrease in ¢, with depth, which more
faithfully reproduces observed flux profiles in particle models™. The slowing of
respiration at depth might be caused by a combination of different processes,
including preferential remineralization of labile components and temperature
effects. Again, we do not attempt to resolve the underlying mechanisms,
and instead apply an empirical relationship for ¢,(z) derived from RESPIRE
particle incubators® (Supplementary Information Section 1.2). The goal of this
formulation is to reproduce a realistic size distribution and abundance of particles
to integrate microenvironment processes, rather than exploring the details of
particle transformations, which depend on a range of processes that are still
poorly understood™. Additionally, POC decomposition rates (c,) are slowed in our
version when particles undergo anaerobic respiration (see below), by a factor (¢)
proportional to the free energy yield of the metabolic pathway, compatible with
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theoretical considerations” and previous modelling studies™ (Supplementary
Tables 1 and 3).

Particle-scale microenvironments. In our model, microenvironments are
represented as concentric shells inside a spherical particle, in which respiration

is fuelled sequentially by O,, NO,~ and SO,*", in the order of their energy yield
(Fig. 1b, c). We determine the volume of each microenvironment by calculating
the denitrification radius, r,, and the sulfidic radius, r, (Fig. 1b,c), which mark

the onset of denitrification and sulfate reduction respectively. Following previous
work"?, we determine these radii by solving a spherical one-dimensional diffusion-
reaction balance for the steady-state internal concentration of an oxidant X (O,,
NO,™ or SO,*") at distance r from the particle centre:

PIX] , 200X]_Sx
or? r or D

=0 @)

P

Here, D, is the diffusivity inside the particle and S is the volumetric sink of the
oxidant X due to microbial respiration, which depends on the POC respiration rate
and stoichiometry of the pathway. Equation (2) is solved for each particle size class
at each depth, assuming diffusive equilibrium with the surrounding water column,
to yield the anoxic radii r, and r, (Supplementary Information Sections 1.3—1.4).
These radii are then used to subdivide the spherical particle volume into oxic,
denitrifying and sulfidic fractions, and to partition total carbon remineralization
rates into oxygen consumption, nitrate reduction and sulfate reduction rates.
Figure 1c illustrates the internal concentrations of O,, NO,~ and SO,*~ resulting
from solution of the diffusion-reaction model.

Unresolved details of particle colonization by microbes, in combination
with aggregation/disaggregation, could affect microenvironment dynamics.
Fragmentation reduces particle sizes and exposes microenvironments to seawater.
Under the model assumptions of uniform respiration and rapid equilibration with
seawater (Supplementary Information Section 1.3), disaggregation leads to an
overall reduction of microenvironment volumes.

Particle cadmium cycling. We track the Cd content of each model particle to
test the hypothesis that CdS precipitation explains the Cd enrichment in particles
from the Mauritanian upwelling zone*. Following an individual particle, CdS
accumulation is tracked by the continuity equation:

dcds) _,
ar P

rec.cds—k(CdS) ®

also solved for steady state. The first term on the right-hand side of equation (3)
represents the precipitation rate of CdS in sulfidic particles (where r; is greater than
zero), and the second term represents a first-order dissolution rate of CdS, with

a specific rate constant k,, whenever sulfate reduction is not present. We assume
that enough sulfide is produced in sulfidic particles to precipitate all Cd diffusing
in from the seawater and released internally during remineralization. J,,..cas

can therefore be recast as the sum of a diffusive supply rate, and the organic Cd
remineralization rate that is assumed to be proportional to POC remineralization.
See Supplementary Information Section 1.5 for equations.

Model parameterizations and observational constraints. Our model represents
all particles between a radius of 10 pm and a radius of 2.5 mm, corresponding to
the approximately log-linear portion of the size spectra detected by UVP5*, and
within the range where diffusive balance applies for sinking particles™.

Particle parameters were derived from direct observations wherever possible.
We used a metamodel approach to specify POC mass as a function of size, by
compiling observed relationships from previous work, including two studies of
plankton cells’>”, four studies of large aggregates’* and one study combining an
underwater camera with measured carbon fluxes®. We fit an allometric power-law
to these observations across the size spectrum of the model (Supplementary Fig. 1).
We adopted an observed relationship between size and sinking velocity*, and
used it to estimate the thickness of the diffusive boundary layer §, surrounding the
particle following previous work™ (Supplementary Information Section 1.3). Based
on laboratory incubations* we assumed that the diffusivity in particles (D,) is 95%
of the diffusivity in seawater (D,,). As lower diffusivities inside particles facilitate
the exhaustion of oxidants, choosing particle diffusivities close to seawater leads to
conservative estimates of microenvironment occurrence.

Case studies and optimization of model parameters. The 1D model was
implemented in case studies of the ESTP and the Mauritanian upwelling zone
(see Supplementary Information Section 1.7 for the details of the numerical
implementation). In both regions, we combined particle counts from multiple
UVP5 profiles to provide a robust characterization of the particle size spectrum
that can be used to constrain the model (Supplementary Fig. 2b,d). The initial
particle spectrum slope (f,) was obtained by fitting a power-law equation to
the composite profiles at 50 m, a typical z,, for productive tropical regions°'. We
used observed profiles of [O,] and [NO,"] as chemical boundary conditions for
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the diffusive calculations, and profiles of temperature and salinity to compute
diffusivity and viscosity.

The attenuation of the POC flux over depth is determined by the mean particle
sinking speed (~100 m day~" averaged over all model particle sizes), and the
particle remineralization rate. We selected parameters for c(z) that are consistent
with observations (Supplementary Fig. 1b) and yield 'Martin-like' flux profiles**
(Supplementary Figs. 3-4), that is, where organic carbon flux (F) is approximated
by F= F(Z=zeu)(z / Zeu)_b’ with an attenuation parameter (b) close to 0.85 in oxic
waters (anoxic water results in slower attenuation, due to curtailing of respiration
once sulfate reducing conditions are reached).

The rate of particle disaggregation is a free parameter that we tuned separately
at each site to ensure that the model reproduces the observed composite size
spectra over depth. At both sites, the model faithfully reproduces the observed
size spectra, whereas the original PRiSM that neglects disaggregation does not
(Supplementary Figs. 3-4). We find that a faster disaggregation rate is required in
the Mauritanian upwelling zone than in ETSP, but in both regions disaggregation
rates lie comfortably within the observed range in a recent compilation™.

To determine if the particle composition observed at GEOTRACES site
USGT 10-09” is consistent with the mechanism of CdS precipitation, we tested
whether our model can reproduce observed profiles of particulate Cd and
Cd:P without violating observational constraints on the model parameters.
Particulate P is assumed to be proportional to POC, and particulate Cd is the
sum of CdS (equation (3)) and organic Cd (again proportional to POC). Four
model parameters (c,,, ¢,', ¢,"™, k,) were optimized within observed ranges
(Supplementary Table 4) to best match these profiles (Supplementary Information
Section 1.8), which did not require significant deviations from their default values.

Global implementation. To estimate the global distribution of anaerobic
microenvironments and the metabolic rates they harbour, we repeated the 1D
model calculations using each profile of [O,], [NO,7], temperature and salinity

in the World Ocean Atlas 2009 database® as inputs. We assumed a spatially
uniform surface size spectrum slope for these calculations (8,=3.5), based on a
global database of UVP5 observations® (Supplementary Fig. 7). This may lead to
regional biases, but we estimated these to be of minor importance (Supplementary
Information Section 2). Other model parameters were set at the default values in
Supplementary Table 3, apart from c,, ¢, and ¢,™". Relatively broad uncertainty
ranges have been established for these parameters based on numerous observations
(Supplementary Fig. 1), and we propagated this uncertainty into our global

results by repeating the calculation with a broad swathe of parameter choices (24
combinations, Supplementary Table 4). We note that further uncertainties might
arise from other poorly constrained parameters, such as the relative efficiency

of aerobic and anaerobic respiration (¢ values, see discussion in Supplementary
Section 1.6), but these cannot be adequately quantified without further
observational constraints.

Integrating across the size spectrum (as in Fig. 2¢,f), these calculations yield
the contribution of denitrifying and sulfate reducing microenvironments to total
particle volume and respiration at 1°x 1° horizontal resolution, and over 33 vertical
levels. These contributions were then integrated over depth and averaged across
the 24 simulations with different parameter sets to obtain the 2D maps shown in
Fig. 4. To convert to absolute rates of each respiration pathway, these 'fractional
contribution' results were combined with independent estimates of POC export
from the euphotic zone. Uncertainties in POC export and model parameters
were propagated into these rates, by combining each of the 24 model simulations
with nine different satellite-derived C export estimates (three algorithms for net
primary production®-* and three algorithms for the carbon export ratio® ). This
yielded 216 different denitrification estimates, from which we report the mean and
standard deviation as an estimate of uncertainty (Fig. 4c).

We also estimated global precipitation rates of the chalcophile trace metals
Cd and Zn into sulfidic microenvironments (equation (3)). Although Cd and
Zn observations are still too sparse to objectively map their global distributions,
these metals correlate strongly with phosphate and silicic acid respectively®”. We
applied these correlations to the World Ocean Atlas 2009 phosphate and silicic acid
fields to produce synthetic global distributions of Cd and Zn to use as boundary
conditions in the particle diffusive model.

Sensitivity to climate-driven oxygen variations. To illustrate the different
sensitivities of tropical and extratropical denitrification to climate change, we
forced the global particle model with multimodel mean [O,] changes from five
simulations from the CMIP5 ensemble (see Supplementary Table 5 for a list of
the models) under the RCP8.5 high-emission scenario®. This [O,] change is the
difference between year 2100 and year 1900, averaged for the five models (Fig. 5a),
and is imposed as a perturbation to the climatological [O,]. All other aspects of
the model are kept constant to present-day climatological values. Thus, changes in
denitrification from this simulation (Fig. 5b) only reflect changes in O, driven by
climate change, and do not include changes in temperature, circulation, nutrient
distribution, productivity, particle export and other environmental parameters*.

Data availability. The data that support the findings of this study are available
from the authors upon request. UVP5 observations from the Tara expedition

are available at https://doi.pangaea.de/10.1594/PANGAEA.836321. Particle data
from the Peruvian and Mauritanian upwelling are available at https://doi.pangaea.
de/10.1594/PANGAEA.885760. Gridded temperature, salinity, nitrate and oxygen
from the World Ocean Atlas are available from the NOAA National Centers for
Environmental Information (https://www.nodc.noaa.gov/OC5/indprod.html). Net
Primary Production data used to estimate POC export is available from http://
www.science.oregonstate.edu/ocean.productivity/index.php. CMIP5 model output
is available via the Earth System Grid data portal (http://pcmdi9.llnl.gov/).

Code availability. The code of the particle microenvironment model is available
in the Supplementary Information. The code of the one-dimensional particle size-
spectrum model is available from the authors upon request.
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