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The role of environmental factors in the long-term
evolution of the marine biological pump

Mojtaba Fakhraee ©®'232<, Noah J. Planavsky"? and Christopher T. Reinhard ©23

The biological pump—the transfer of atmospheric carbon dioxide to the ocean interior and marine sediments as organic car-
bon—plays a critical role in regulating the long-term carbon cycle, atmospheric composition and climate. Despite its centrality
in the Earth system, the response of the biological pump to biotic innovation and climatic fluctuations through most stages of
Earth's history has been largely conjectural. Here we use a mechanistic model of the biological carbon pump to revisit the factors
controlling the transfer efficiency of carbon from surface waters to the ocean interior and marine sediments. We demonstrate
that a shift from bacterioplankton-dominated to more eukaryote-rich ecosystems is unlikely to have considerably impacted the
efficiency of Earth's biological pump. In contrast, the evolution of large zooplankton capable of vertical movement in the water
column would have enhanced carbon transfer into the ocean interior. However, the impact of zooplankton on the biological car-
bon pump is still relatively minor when compared with environmental drivers. In particular, increased ocean temperatures and
greater atmospheric oxygen abundance lead to notable decreases in global organic carbon transfer efficiency. Taken together,
our results call into question causative links between algal diversification and planetary oxygenation and suggest that climate
perturbations in Earth's history have played an important and underappreciated role in driving both carbon sequestration in the

ocean interior and Earth surface oxygenation.

he co-evolution of Earth’s oceans and the marine biosphere
has played a central role in shaping atmospheric chemistry, the
evolution of the climate system and long-term planetary hab-
itability. An integral component of this co-evolution is the marine
biological carbon pump, in which photosynthesis in sunlit ocean
surface waters and subsequent sinking of particulate organic matter
transfers atmospheric carbon to the ocean interior and seafloor sedi-
ments, thereby shaping ocean chemistry"? and modulating the abun-
dances of CO, and O, in Earth’s atmosphere*’. Observations in the
modern oceans indicate that the overall effectiveness of biological
carbon pumping is governed by a wide range of physical, chemical
and biological factors, including the aggregation and disaggrega-
tion of organic-rich ‘marine snow’ particles, microbial metabolic
function, diel vertical migration (DVM), grazing and faecal pellet
production by zooplankton and interaction between aggregates and
suspended ‘ballast’ minerals (for example, refs. *>°). All of these fac-
tors have changed considerably over geologic time, potentially driv-
ing fundamental changes to global biogeochemical cycles’ .
Multiple biotic innovations, in particular the rise of eukaryotic
primary producers (algae), the emergence of zooplankton and the
onset of widespread mineral ballasting of primary producer bio-
mass, have been proposed to have reshaped the nature of the biolog-
ical carbon pump over time®'"'*. Although unicellular prokaryotic
organisms seem to have been the dominant oceanic primary pro-
ducers for the vast majority of Earth’s history”'’, there was a shift to
more eukaryotic (algal) primary producers (and thus larger phyto-
plankton cell sizes) during the Neoproterozoic era (between 1,000
and 635 million years ago (Ma))”"*-'*"". The subsequent radiation
of zooplankton grazers sometime near the Precambrian/Cambrian
boundary®*-** would have reshaped surface marine ecosystems
and introduced the repackaging of organic matter in faecal pel-
lets?!. The emergence of larger zooplankton in the Palaeozoic era
(~540-240 Ma) with the ability to move vertically through the water

column, in a process commonly referred to as DVM, could have
further enhanced the transfer of carbon into the ocean interior**.
Widespread biomineralization in primary producers emerged later
still in Earth’s history, with calcareous phytoplankton becoming
common roughly 150-100 Ma and siliceous phytoplankton becom-
ing important primary producers in the Cenozoic era (<65 Ma)'***%,
All of these changes could have potentially important impacts on
the dynamics of the ocean biological carbon pump, with potentially
far-reaching influence on ocean-atmosphere oxygenation, isotopic
excursions, major climatic perturbations and the early evolution
of complex life***””. However, there have been limited systematic
comparisons of the relative impacts of biotic, ecological and abiotic
environmental factors on structuring major changes to the ocean’s
biological carbon pump over geologic time.

A mechanistic model of the marine biological carbon pump
In this Article, we present a new mechanistic model of the ocean
biological carbon pump and use it to evaluate how the effective-
ness of the biological pump has changed throughout Earth’s his-
tory. At its core, our model couples stochastic particle aggregation
and transport with temperature- and oxygen-dependent organic
matter remineralization (Fig. 1a). The constitutive elements of the
model, aggregates, are clusters of phytoplankton cells (for example,
diatoms, large-sized non-skeletal algae, small-sized picoplankton
or zooplankton with various feeding strategies and ecologies) and
terrigenous dust particles. In the uppermost layer of the ocean, we
probabilistically ‘seed’ a stock of primary particles based on assumed
primary productivity of picoplankton and algal biomass, algal cal-
cite flux and surface dust flux. These particles then sink from the
surface ocean and interact in the ocean interior through aggrega-
tion/disaggregation and organic matter respiration.

In the ocean interior, particle aggregation in the model is
controlled by particle collision rate and aggregation efficiency
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Fig. 1| Schematic of the mechanistic model of the ocean biological carbon pump discussed in the text. a, The major processes controlling the transfer

efficiency of organic carbon in marine sediments (Supplementary Information). Fy,,
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dust, picoplankton, eukaryotic algae, and calcite, respectively, in primary particles. b-d, Comparison of results from our modern model configuration (black
curves) with observational water column data from the North Pacific Ocean* (grey crosses) for concentration of dissolved oxygen ([O,]; b) and dissolved
inorganic carbon ([DIC]J; ¢) together with validation of model results against observations of the size-velocity spectrum of marine aggregates in the

modern oceans**¢ (d). Error bars in d denote one standard deviation.

(‘stickiness’; compare with ref. *). The particle collision rate is in
turn controlled by a series of size-dependent processes; very small
particles encounter each other by Brownian motion, whereas larger
particles meet each other (and smaller particles) through either
fluid shear or differential settling (that is, larger particles settle more
rapidly and ‘sweep up’ smaller particles). The model also accounts
for the effect of zooplankton on oceanic aggregates and fully param-
eterizes the impacts of primary production, zooplankton veloc-
ity, turbulence and zooplankton faecal pellet size (Supplementary
Information). Zooplankton in the model are classed into several
groups: small and large zooplankton with and without a central
through-going gut (section 4 in the Supplementary Information).
To explore the effect of DVM, the model considers both migrat-
ing and non-migrating zooplankton (Supplementary Fig. 1). Both
small and large zooplankton can either fragment and break down
aggregates into several smaller daughter particles or ingest them
and produce a wide range of faecal pellet sizes, depending on their
prosome length®. Rates of zooplankton-aggregate interaction are
parameterized to account for both behavioural (for example, active)
and physical (for example, turbulent) encounters”. Our model thus
incorporates aspects from several plankton and zooplankton mod-
els developed over the past decade (for example, refs. ***"), rather
than following a single previously utilized scheme.

Our model is also designed to systematically examine the effects
of temperature and oxygen availability on the biological pump. The
rate of organic matter degradation in the model is assumed to fol-
low a power-law function (following ref. **), which explicitly consid-
ers the effect of enhanced organic matter degradation under oxic
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conditions™. To take into account the effect of temperature on the
efficiency of the biological carbon pump, we modified the degrada-
tion power law in our model by incorporating a temperature depen-
dency factor, Q,,, which for most biological systems is somewhere
between 1.5 and 2.5 (ref. ). Temperature is widely accepted as an
important control on the rate of organic matter degradation across
a range of ecosystems’*>*°. However, the overall impact of tempera-
ture relative to other potential controls on carbon transfer in the
ocean interior, such as atmospheric oxygen abundance and major
changes in the composition of surface marine ecosystems, is poorly
known, as is the potential impact of temperature variability on car-
bon degradation in the power-law organic matter remineralization
scheme implemented in our model.

The model implements the particle dynamics and respiratory
kinetics in a reaction—transport scheme, which resolves a dissolved
oxygen depth profile and oxygen penetration depth (OPD) in the
ocean interior (Fig. 1). When forced by modern boundary condi-
tions, the results of our model are consistent with measurements of
dissolved oxygen and inorganic carbon from modern marine set-
tings (Fig. 1b,c). Our model also shows the characteristic bimodal
sinking rate distribution for marine aggregates observed across a
range of modern marine systems (Fig. 1d). Taken together, these
observations suggest that our mechanistic model can capture the
major factors linking the biological pump to the partitioning of car-
bon and oxygen in the ocean interior.

To illustrate the major factors controlling the effectiveness of
the biological carbon pump in the context of Earth system evolu-
tion, we present results from simulations designed to capture the
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Fig. 2 | The impact of first-order changes to plankton ecology on the ocean biological carbon pump. Values of transfer efficiency are calculated using the
oxic and anoxic power laws* and without temperature dependency on organic carbon remineralization (Q,,=1). a, Net organic carbon transfer efficiencies
as a function of atmospheric po, relative to PAL and across a range of ecological scenarios: (1) default Precambrian scenario with picoplankton, no algae

and high dust flux due to lack of land plants (pico; black); (2) a late Proterozoic

scenario, similar to (1) but with a small contribution of algae to ocean

productivity (pico + algae; red); (3) an early Phanerozoic scenario, with faecal pellet production by zooplankton and increased contribution of algae

(pico + algae + zoo; blue); and (4) a late Phanerozoic scenario with more complex eukaryotic algae (including diatoms) and an attenuated dust flux
promoted by the emergence of vascular planets in terrestrial ecosystems (pico + algae + zoo + diatom; green). Error bars show the 90% credible interval
from a Monte Carlo analysis of model parameters (Supplementary Information). b,c, Resampled distributions at two discrete atmospheric po, values, with
colours corresponding to the scenarios shown in a. Modern open-ocean organic carbon transfer efficiencies are shown in all panels by grey shaded boxes®.

major evolutionary stages of Earth’s planktonic marine ecosystems.
Specifically, we present idealized scenarios meant to represent:
(1) Precambrian time, in which picoplankton are the dominant
primary producer and there is a relatively high dust flux to the
surface ocean due to a lack of land plants; (2) late Neoproterozoic
time, during which eukaryotic algae become important ocean
producers; (3) early Phanerozoic time, when increased eukaryotic
contributions are combined with robust faecal pellet production by
zooplankton; and (4) a modern-like Earth system, in which more
complex, mineral-ballasted eukaryotic algae (diatoms and cocco-
liths) are present along with large DVM-practicing zooplankton, and
in which there is an attenuated dust flux as a result of the presence of
vascular plants in terrestrial ecosystems. For each scenario, we use
a stochastic approach in which we specify atmospheric oxygen as a
boundary condition, then sample randomly from uniform priors for
all other model parameters and run the model to calculate organic
carbon transfer efficiency and OPD in the ocean (Supplementary
Table 2). We also explore simulations that more clearly show the
isolated effects of individual innovations (for example, biomineral-
ization) and feeding strategies (for example, presence and absence
of a through-going gut) (Supplementary Fig. 9).

Biological controls on the ocean's carbon pump

Changes in plankton cell size play only a minor role in the transfer
efficiency and the distribution of dissolved oxygen in the oceans
(Fig. 2 and Supplementary Figs. 9 and 10). While increases in pri-
mary producer cell size and density tied to the increasing impor-
tance of eukaryotic algae do result in higher sinking rates in the
uppermost water column, there is little difference in overall organic
carbon transfer efficiency (Fig. 2a,b). This is due in part to the fact
that the formation of marine aggregates is largely independent of
the initial cell size of marine primary producers, consistent with
experimental results and observations in modern marine settings
that suggest lithogenic ballast can effectively create aggregates that
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sink rapidly through the marine water column**. At a given atmo-
spheric oxygen level, the transfer efficiencies of the marine carbon
pump for scenarios with and without eukaryotic algae largely over-
lap and the central modes of the simulation ensembles are within
~2%. This difference is clearly not substantial enough to alter oxy-
gen distributions in the ocean interior, as shown by water column
OPDs (Supplementary Fig. 10). Our results show that increasing cell
size associated with the expansion of eukaryotic algae would not,
on its own, promote deeper organic matter remineralization depths
and more pervasive ocean oxygenation. Biomineralizing algae simi-
larly have a minor (<5%) effect on efficiency of the biological pump
(Supplementary Fig. 9) and OPD (Supplementary Fig. 13).

Our model results also suggest that the radiation of zooplankton
lacking the ability to practice DVM during the late Neoproterozoic
would have had a limited effect on the efficiency of the carbon pump
(Supplementary Fig. 9). This result holds regardless of the dominant
zooplankton (for example, with or without a through-going gut;
Supplementary Fig. 9). However, the subsequent emergence of DVM
by large vertically migrating zooplankton in Palaeozoic seas could
have enhanced the flux of particulate organic carbon (POC) into the
ocean interior. For example, at an atmospheric partial pressure of
oxygen (po,) of 10% of the present atmospheric level (PAL), faecal
pellet production by zooplankton can increase the overall transfer
efficiency of the carbon pump by about 7% (Fig. 2¢)*. Further, our
model predicts that the evolution of DVM in larger zooplankton
acts to promote the formation of a pronounced mid-depth oxygen
minimum zone (Supplementary Fig. 10). By translocating reac-
tive organic matter from epipelagic into mesopelagic depths, DVM
increases oxygen consumption in the ocean interior, which in turn
expands the volume of oxygen-poor waters at intermediate depths
(Supplementary Fig. 10).

The radiation of swimming animals may have also increased
the OPD by promoting mixing in the epipelagic and mesopelagic
zones”. Although the extent to which swimming animals can alter
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Fig. 3 | The impact of ocean temperature and atmospheric oxygen
abundance on the ocean biological carbon pump. Temperatures are
reported as sea surface temperature (SST), while atmospheric po, is given
relative to PAL. Note the log scale for atmospheric po,. Organic carbon
transfer efficiency (%) is calculated as the fraction of carbon exported from
the surface ocean that is delivered to the sediment-water interface.

the structure of the physical mixing in the modern ocean is cur-
rently debated*~** (section 6.2 in the Supplementary Information),
we explore the potential effect of increased biogenic mixing on our
model results by artificially increasing the turbulent coefficient to
mimic increased epipelagic and mesopelagic mixing by swimming
organisms (Supplementary Information). A notable increase (for
example, a doubling) in the turbulent coefficient does enhance oxy-
gen availability in the ocean, causing an increase in a minimum con-
centration of dissolved oxygen [O,] from around 1.5uM to 6 uM.
However, the overall effect of this on the transfer efficiency of the
carbon pump is minimal (Supplementary Fig. 3). Nevertheless, our
results raise the intriguing possibility* that metazoan-induced tur-
bulence may have exerted an equal or more pronounced effect on
marine oxygen levels and the transfer efficiency of the biological
pump than zooplankton faecal pellet production.

Environmental drivers on the ocean's carbon pump
Environmental factors have a much more pronounced effect on
the efficiency of the biological carbon pump and marine oxygen
dynamics in our model than biotic innovations. More precisely,
in our model, temperature and atmospheric oxygen abundance
play far more important roles in structuring transfer efficiency of
organic carbon than cell size, mineral ballasting, zooplankton fae-
cal pellet production or DVM (Fig. 3). Mechanistically, elevated
temperature leads to a shallower organic matter remineralization
depth in the water column, leading to reduced organic matter
transfer into the ocean interior and attenuated delivery to seafloor
sediments, which should ultimately lead to decreased geological
sequestration of organic carbon. This is consistent with measure-
ments in modern deep marine sediments showing accumulation
of labile, low-molecular-weight organic carbon at lower tempera-
tures*, which has been tied to sluggish organic matter degradation
kinetics. It is also consistent with observations from modern marine
water columns, which show deeper organic matter remineralization
depths as water temperature drops*.

Similarly, decreases in oxygen availability can lead to shallower
organic carbon remineralization depths, amplifying the impact
of temperature at relatively low atmospheric po, (Figs. 2a and 3).
Changes in atmospheric oxygen and seawater surface tempera-
ture also substantially impact OPD in the ocean. Shifts in either
atmospheric oxygen level or temperature over ranges commonly
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Fig. 4 | The strength of the biological carbon pump through geologic time.
a-c, Changes in ocean ecosystems (a), atmospheric oxygen level (b) and
transfer efficiency of the marine carbon pump (c) over time (Ga; billion
years ago). We suggest that the strength of the biological carbon pump

on geological timescales is mainly controlled by environmental factors
such as atmospheric oxygen abundance and shifts in mean climate state.
Predominantly anoxic conditions during the Precambrian (>500 Ma)
promoted a relatively efficient carbon pump (even if overall productivity
was relatively low"°), with transient increases in transfer efficiency
occurring during major climate cooling during low-latitude Snowball Earth
glaciations such as those suggested during and after the great oxidation
event (GOE) and during the Neoproterozoic era. The grey boxes in ¢

show results from our model under evolving atmospheric oxygen levels
according to b’, with suggested transient intervals of oxygenation during
the late Archaean shown by arrows. The thickness of each box corresponds
to uncertainty associated with variability in model input parameters
(Supplementary Tables 1and 2), and the assumed ranges in atmospheric
oxygen abundance. Uncertainty in the levels of atmospheric oxygen after
the GOE (depicted by the dashed line in b) makes the transfer efficiency at
this time harder to constrain.

predicted for the past billion years of Earth’s history have a far
greater impact on the transfer efficiency of the carbon pump and
marine oxygen levels than any biologically induced change (Fig. 4
and Supplementary Figs. 9-11).

Our results provide a mechanistic basis for evaluating the relative
roles of biotic innovation and environmental change in shaping the
ocean’s biological carbon pump over time (Fig. 4). In particular, our
model broadly predicts a secular decrease in the efficiency of the
marine carbon pump, largely as a consequence of increasing atmo-
spheric po, against a backdrop of a predominantly bacterial carbon
pump. However, a more efficient carbon pump at low po, during
the Precambrian, as predicted by our model, would not necessar-
ily translate to higher total organic matter content in the geologic
record, as the total organic matter content in siliciclastic sedimen-
tary rocks is controlled by not only the efficiency of the marine car-
bon pump but also the local rate of net primary production (NPP)
in the ocean (section 5.2 in the Supplementary Information), which
itself is governed by nutrient availability (for example, ref. **).

In summary, we present a new mechanistic model of the ocean
biological carbon pump designed to interrogate first-order changes
to the biotic and environmental factors regulating vertical carbon
fluxes in Earth’s oceans. Our results strongly suggest that the emer-
gence of larger eukaryotic algae and zooplankton predators would
have had only a marginal impact on large-scale carbon and oxygen
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fluxes in the ocean interior during the late Proterozoic and early
Phanerozoic time. The onset of DVM well after the initial diversifi-
cation of metazoans would have substantially increased organic car-
bon export into the ocean interior. However, shifts in global climate
and ocean-atmosphere oxygen abundance have probably played a
more central role in regulating the strength and efficiency of Earth’s
biological carbon pump over time than any biotic innovation after
the rise of oxygenic photosynthesis. This highlights the first-order
role of temperature in controlling the large-scale structure of the
ocean biological pump and provides a novel link between planetary
redox balance and the climate system on geologic timescales.
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Methods

A stochastic model for sinking rates of marine aggregates. The constitutive
elements of the model are marine snow aggregates. They are clusters of primary
particles, a combination of phytoplankton cells (for example, coccolithophorids,
diatoms and picoplankton) and terrigenous dust particles. The model considers

the impacts of primary producer cell size, faecal pellet and particle fragmentation
by zooplankton, aggregation, temperature, dust flux, biomineralization, ballasting
by mineral phases (for example, carbonates), oxygen and the fractal geometry
(porosity) of the aggregates on organic matter degradation and sinking rates. To
account for spatial heterogeneity, the model calculates the sinking rates of a large
number of aggregates in a two-dimensional (1,000 X 1,000) grid at each depth.
Dividing the ocean into 1,000 depth intervals results in 10° potential aggregates,
allowing for extensive three-dimensional heterogeneity. The type of phytoplankton
(or terrigenous material) in each aggregate is chosen by a probability value
calculated for each type of primary particle based on the ratio of their flux values
to total flux. This probability is translated into a density matrix in which the
frequency of density values for each primary particle is determined. The model also
includes a fully parameterized aggregation process for particles using a stickiness
parameter and the rate of collision of each pair of particles. The number of particles
at each depth is determined by the average probability of aggregation at each depth.
The probability of aggregation between a single i aggregate and j-type aggregates
(P,)) is defined as:

qusl (Z)
qust,,f

Bi.j) N Fype (2)

Pij=y(z)x
1=1@) P Fxpp

X

(1)

where y is the stickiness parameter that varies with depth, f is the rate of collision
between aggregates i and j, Fy,p and F,,, are the fluxes of NPP and dust, and f,;,
Fxpp,, and Fyug,, are the reference values for collision rate, flux of NPP and dust
flux, respectively. The last two parameters in the expression for probability

of aggregation (FF“#‘;(Z), FF‘:‘"—‘(Z)) represent higher probability of collision between
ref ustyef

aggregates at higher fluxes of particles from primary production and dust. The
stickiness parameter, 7, is defined to decrease with depth, similar to the rate of
organic matter degradation®'. This assumption is based on observations in
modern marine systems, where the main ‘glue’ that holds marine snow together

in the water column is thought to be an organic compound: transparent
exopolymer particles, a mucus-like polysaccharide material exuded by
phytoplankton and bacteria®>**. It has been suggested that production of these
compounds is highest under conditions of nutrient limitation during the senescent
phase of phytoplankton blooms™**.

The rate of collision, 3, between two particles is a result of three mechanisms:
very small particles mostly encounter each other by Brownian motion, whereas
large particles meet each other due to fluid shear and differential settling (that
is, the larger particles settle faster, sweeping up the smaller ones). In this model,
similar to previous models®, the coagulation kernel f is calculated as a sum of the
three mechanisms. Averaged probability of aggregation at each depth is then used
to determine what portion of particles would be in aggregates in the following
depth. For instance, at the very top of the domain, where there is no aggregation,
each type of primary particle (for example, picoplankton, dust, and so on) is
evaluated for aggregation. The average probability of aggregation at that depth
is calculated and used to determine what percentage of particles in the following
depth will be incorporated within an aggregate.

Using the probability of aggregation, physical parameters for each aggregate
such as radius, porosity, volume and density can be calculated. Aggregate sinking
rates are calculated using Stokes’ law™:

_ [8ra(py — Pew)g
g Re) @

where g is the gravity of Earth, p, is the density of the material in each aggregate
and p,, is the density of seawater. For low Reynolds numbers (Re) where viscous
forces are dominant

2
and Re = rau"
v

SRy =22

where v is the kinematic viscosity, u is the sinking rate of the aggregate and r, is the
aggregate radius. For large Reynolds numbers where turbulence starts to play a role,
the drag coefficient is calculated using Whites” approximation:
24 6
f(Re) = —+——=+04, (3)

Re  (1+ +/Re)

which is valid for Re <2x 10".

Zooplankton in the model are grouped into small and large zooplankton based
on their prosome length and their corresponding behaviour (Supplementary
Fig. 1). Small zooplankton in the model interact with oceanic aggregates and can
either fragment aggregates and result in smaller-sized aggregates or ingest them
and produce a range of faecal pellet sizes, consistent with their corresponding
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prosome length. Observation in the modern ocean shows an important role of
particle disaggregation in POC flux attenuation in the ocean mesopelagic zone*’.
Specifically, evidence of slow sinking oceanic aggregates in the modern deep
ocean suggest an important role of disaggregation/fragmentation of the oceanic
aggregates in marine biological pump. It has been suggested that fragmentation
is mainly caused by turbulent flow in the ocean. However, experimental

studies on oceanic aggregates show that larger stresses in excess of those due

to turbulent shear in the ocean are needed to break the aggregates, suggesting
that fragmentation caused by biological shear is the main control on aggregate
fragmentation in the ocean®. This is also consistent with the observed decrease in
the average size of oceanic aggregates when the zooplankton Euphausia Pacifica
were abundant®. While the degree to which zooplankton influence the physical
characteristics of oceanic aggregates is not fully understood, experimental and
modelling studies do confirm that interaction between zooplankton and marine
particles occurs and can lead to aggregate destruction. However, aggregate
destruction is restricted to clades of common zooplankton such as copepods.
Other reasonably common types of zooplankton, such as salps, are predicted to
induce minimal fragmentation®.

Large zooplankton are further classed into non-migrating and migrating
zooplankton. The migrating zooplankton are representative of zooplankton
communities that are able to vertically migrate into the ocean twilight zone during
the day and night, a process commonly known as DVM, with consequent impact
on POC flux and carbon transfer to depths. Generally, DVM is movement of
zooplankton to the twilight zone during the day and swimming back to shallow
waters during the night. There are a number of environmental factors suggested
to impact DVM including water clarity, oxygen availability, seawater surface
temperature, turbulence and predator—prey interactions®*>. Modern observations
indicate that DVM accounts for between 10 and 50% of the total vertical flux of
carbon from shallow waters, suggesting an important role of DVM in transferring
fixed carbon into the mesopelagic zone®.

In the model, we first evaluate the possibility of encounters between oceanic
aggregates and zooplankton and then, depending on the zooplankton class, the
aggregates can be fragmented (disaggregated) or ingested and a range of faecal
pellets produced. The calculated POC flux is then corrected to account for the
effect of DVM.

Rate of organic carbon degradation. The model calculates average velocity
of sinking aggregates at each depth and uses this to find the age of organic
particles (t,.):

2i

tage = (4)

Ui, average ’
where z; is corresponding depth (m) and u; ... is the average velocity of
aggregates at depth i (md~"). The rate of organic matter degradation in the model
(R) is assumed to follow a power-law function (R = —bt-*C), as suggested by
Middelburg’. In this expression, C is the concentration of organic matter, the
constants a and b define the rate of organic carbon mineralization, and ¢ is the
age of organic matter as defined in equation (4).This power law has been recently
modified to account for the effect of enhanced organic matter degradation under
oxic conditions™. To investigate the effect of temperature on the efficiency of the
carbon pump, we further modified the power law by incorporating a temperature
dependency factor, Q,, which for most biological systems is somewhere between
1.5 and 2.5 (for example, refs. ***).

Oceanic oxygen dynamics. To investigate the effect of environmental and
biological factors on the OPD in the ocean, we use a one-dimensional steady-state
diffusion-advection model. Specifically, we obtain the depth profiles for oxygen
and dissolved inorganic carbon (DIC) by resolving the following ordinary
differential equation at steady state:

0= % Kzi—f — C(2)v(z)| £R. (5)

Here z is depth below the photic zone, C is the concentration of the compound
of interest, K is the turbulent diffusion coefficient, v(z) is the advection velocity,
and R represents the rate(s) of reaction(s) that consume or produce a given
species. The value of the turbulent diffusion is assumed to be relatively high
above the chemocline to reflect the highly convective Ekman layer in the upper
ocean, linearly decreases to lower values in the thermocline to reflect the high
impediment to vertical mixing caused by strong temperature stratification, and
then linearly increases to higher values in the deep ocean where the absence of
strong temperature gradient permits more effective vertical mixing. The advection
coefficient is estimated by dividing a high-latitude deep convection flux (~50 Sv;
1Sv=10°m’s™") by the lateral (cross-sectional) area of the deep ocean. Due to
uncertainty involved with this estimation, the advection term is multiplied by a
fitting parameter, a. Values of diffusion coefficients at the surface, thermocline and
deep ocean, along with the fitting parameter for advection term a, are obtained
through providing a rough fit against the measured DIC and oxygen depth profiles
in the modern oceans™ (Fig. 1).
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For oxygen, the consumption rates include the rates of aerobic respiration and
iron oxidation if the water column is anoxic. The rate of oxygen consumption by
aerobic respiration (R,,,) is simulated using the Michaelis—Menten kinetics:

(O]
K +1]0,)"

Tesp.

Rresp =Rc (6)

Here, K; is the half saturation constant that describes the affinity of
enzymes for their substrate and R is the carbon mineralization rate,
approximated as R. =k[OC] where the reactivity k is described by the Middelburg
power law as a function of carbon age £,,.: log,ok = —0.95 X log,t,,. ~0.81. The age
in the model is calculated using equation (4). The organic matter content, [OC],
is estimated by dividing the average velocity resulting from the aggregate model
by the NPP.
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