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The biological pump makes a major global contribution to the sequestration of

carbon-rich particles in the oceans’ interior. This pump has many component parts from

physics to ecology that together control its efficiency in exporting particles. Hence, the

influence of climate change on the functioning and magnitude of the pump is likely to be

complex and non-linear. Here, I employ a published 1-D coupled surface-subsurface

Particulate Organic Carbon (POC) export flux model to systematically explore the

potential influence of changing oceanic conditions on each of the pump’s “moving parts,”

in both surface and subsurface waters. These simulations were run for typical high

(High Nutrient Low Chlorophyll, HNLC) and low (Low Nutrient Low Chlorophyll, LNLC)

latitude sites. Next, I couple pump components that have common drivers, such as

temperature, to investigate more complex scenarios involving concurrent climate-change

mediated alteration of multiple “moving parts” of the pump. Model simulations reveal that

in the surface ocean, changes to algal community structure (i.e., a shift toward small

cells) has the greatest individual influence (decreased flux) on downward POC flux in

the coming decades. In subsurface waters, a shift in zooplankton community structure

has the greatest single effect on POC flux (decreased) in a future ocean. More complex

treatments, in which up to 10 individual factors (across both surface and subsurface

processes) were concurrently altered, ∼ halved the POC flux at both high and low

latitudes. In general climate-mediated changes to surface ocean processes had a greater

effect on the magnitude of POC flux than alteration of subsurface processes, some of

which negated one another. This relatively simple 1-D model provides initial insights into

the most influential processes that may alter the future performance of this pump, and

more importantly reveals many knowledge gaps that require urgent attention before we

can accurately quantify future changes to the biological pump.
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Introduction

Two ocean pumps play key roles in removing carbon from the surface ocean—the solubility
pump is physico-chemically mediated whereas the biological pump is driven primarily by the
interactions of marine biota from microbes to metazoa (Volk and Hoffert, 1985). In brief, in
the euphotic zone (Ez) photosynthetic carbon fixation by autotrophs, and heterotrophic bacterial
production, inputs POC (and dissolved organic carbon which is not considered in the present
study) to the biological pump. This POC supply to the upper ocean is subsequently modified
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and attenuated by a wide range of grazing activities which
transform most of the phytoplankton and bacterial carbon into
heterogeneous particles which eventually settle out of the surface
ocean after a residence time of days to weeks (Boyd and Stevens,
2002). Further transformations of these settling particles, by
heterotrophic bacteria and grazers, further diminish this POC
flux in subsurface waters (Steinberg et al., 2008). Despite, many
processes attenuating this sinking particle flux, a small but
significant (a few percent of the surface signature) proportion of
this carbon supply will be sequestered into the deep ocean (Boyd
and Trull, 2007).

Modeling studies have projected that an ocean without a
biological pump would result in atmospheric CO2 levels ∼400
pmm higher than present day (Ito and Follows, 2005) and
changes in the efficiency of the biological pump (driven by
enhanced iron supply) are thought to explain up to a third
of the ∼80 ppm decreases in atmospheric CO2 during the
glacial terminations (Sigman and Boyle, 2000). More recent
modeling studies investigating the implications of future changes
to characteristics of the biological pump, such as particle
remineralization length scales (Kwon et al., 2009) or Particulate
Inorganic Carbon (PIC) (Roth et al., 2014), point to its potential
influence as a significant feedback on a changing climate. For
example—a 30 ppm change in atmospheric CO2 is projected
to result from climate-change mediated modification to particle
remineralization length scales in the upper ocean (Kwon et al.,
2009). Hence an increasing number of studies have focused
on individual processes that will influence how the sign and
magnitude of the pump is likely to change in a future ocean (Boyd
and Trull, 2007; Riebesell et al., 2009; Passow and Carlson, 2012).

Investigations into the nature and performance of the future
biological pump have ranged from modeling (Bopp et al., 2001,
2013; Taucher and Oschlies, 2011) to lab culture (Taucher
et al., 2015) and field based mesocosm enclosures (Riebesell
et al., 2007). Studies such as Bopp et al. (2013) have used
global climate change biogeochemical models to capture the
combined effects of climate-change mediated alteration of ocean
circulation, properties such as temperature, pH and nutrient
supply, and Net Primary Production (NPP) on the downward
flux of POC. Other investigations, for example lab- and field-
based experiments have targeted how aspects of climate-
change (warming/ocean acidification, OA) will modify particular
processes that influence the biological pump such as TEP
(Transparent Exopolymer Particle) production (Taucher et al.,
2015) or diurnal vertical migration (Berge et al., 2014). Pörtner
et al. (2014) in the Working Group 2 Fifth Assessment Report
of the Intergovernmental Panel on Climate Change attempted
to synthesize the findings of the growing number of studies into
the sensitivity of the component parts of the biological pump to
climate change. They concluded that due to the many “moving
parts” it was not possible state with confidence how the sign
or magnitude of the pump would alter in the coming decades.
Instead they put forward a first assessment of the integrated
knowledge platform (see Table 6.1, Pörtner et al., 2014) required
to project how the biological pump will function in a future
ocean.

Passow and Carlson (2012) published a review of the
status of our understanding of the biological pump—as a
prerequisite to predicting how it will be altered under changing
oceanic conditions. They used the study of Lomas et al.
(2010) at BATS (Bermuda Atlantic Time Series) to illustrate
the dangers of extrapolating results solely from investigations
into the individual components of the pump. The Lomas et al.
(2010) analysis demonstrates a zero sum outcome, over a
decade at BATS, between alteration of upper ocean processes
(NPP and downward POC export) vs. those in subsurface
waters (mesopelagical attenuation of export flux). Thus, a
holistic approach to assessing how the biological pump will be
environmentally altered, in both the surface and the subsurface
ocean, is essential if we are to begin to quantify how the
functioning and magnitude of the pump will be transformed in
the coming decades.

The present study has dual aims: to assess our current ability
to quantify the response of the biological pump to complex
and concurrent changes to oceanic conditions, and to refine the
integrated knowledge platform needed to assess the performance
of a future pump, presented by Pörtner et al. (2014). In this study,
I employ a previously published 1-D coupled surface-subsurface
biological model (Buesseler and Boyd, 2009) to explore the
sensitivity of the downward POC flux to projected changes in a
wide range of individual surface and subsurface processes. These
range from physical (altered seawater viscosity) to ecological
(differential vulnerability of organisms across trophic levels to
changing oceanic conditions) processes. In addition to exploring
the future role of the individual components of the biological
pump, I also attempt to link the components that are controlled
primarily by specific aspects of a changing climate, such as
warming or OA, to explore the cumulative effects of these
processes on downward POC export flux in a future ocean.

Methods

Rationale for the Employment of a 1-D Model
Awide range of models have been used to explore the functioning
of the biological pump from conceptual (Michaels and Silver,
1988), to biological (i.e., Phytoplankton, Zooplankton, Detritus,
Nutrient (PZDN), Taucher and Oschlies, 2011) to coupled ocean-
atmosphere (Bopp et al., 2001; Kwon et al., 2009). Each different
modeling approach has pros and cons (see later). Here, I selected
a 1-D coupled surface-subsurface model that has previously
been used to assess the relative roles of surface ocean processes
[i.e., within the Euphotic zone (Ez)] vs. those in the subsurface
mesopelagic (base of the Ez to ∼300m below this depth)
across a wide range of oceanic provinces from tropical to polar
(Buesseler and Boyd, 2009). Furthermore the model outputs
from Buesseler and Boyd (2009), when compared with internally-
consistent downward POC flux datasets (i.e., all based on the
same techniques and measured by a sole laboratory) for each
province, were successfully validated across the global ocean. My
choice of this 1-D approach was based on its utility to explore the
potential role of each of the many individual components of the
biological pump.
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The Coupled Surface-subsurface Model
There are benefits and drawbacks to using a 1-D approach. In
this case the versatility of the model to represent, either directly
or indirectly, each of more than 10 individual components of the
biological pump (each shown to be sensitive to changing oceanic
conditions) outweighs its inability to explore the “2D” space vs.
time seasonality (sensu Lampitt and Antia, 1997), or the “3D
animation” of the biological pump by ocean circulation (Kwon
et al., 2009; Bopp et al., 2013).

The model structure is summarized in Figure 1 which
presents the flow pathways through the foodweb. The input
to the model is a prescribed rate of Ez-integrated NPP (mg
C m−2 d−1), partitioned across different phytoplankton size
categories, derived from published values for a particular region
or season (e.g., Boyd et al., 2008). A further source of POC that is
inputted into the model is Ez-integrated heterotrophic bacterial
production (BP). The NPP and BP then flow through a pelagic
foodweb typical of the surface ocean (Figure 1). The flows of
POC follow size-based rules based on grazing constraints (such as
maximum or minimum prey size), and are detailed in Buesseler
and Boyd (2009). In addition to cell size, other phytoplankton
traits (see Litchman and Klausmeier, 2008) that influence particle
export include cell shape and coloniality. Both these traits are
included implicitly in the direct sinking of a proportion of large
phytoplankton (Jackson, 1990). Table 1 summarizes the trophic
transfer efficiencies that are applied to Figure 2 to illustrate the
attenuation of POC within the Ez and the subsequent POC
flux to depth. As the NPP, within a phytoplankton size class, is
consumed by grazers, the POC is attenuated based on published
transfer efficiencies—for example 30% of the NPP grazed by
ciliates is transferred to the next trophic level in the foodweb
(Figure 2). All transfer efficiencies were derived from lab-based
feeding experiments, the findings of which were synthesized by
Straile (1997).

Published observations dictate that there are two major
pathways for NPP to exit the surface mixed layer as sinking
particles—as directly sinking aggregates of large phytoplankton
(Jackson, 1990) andmesozooplankton fecal pellets (Lampitt et al.,
1993). In the model, this simplification of the many pathways for
particles to exit the surface ocean means that other vectors for
particle export, such as marine snow as a carrier of small cells
(Richardson and Jackson, 2007; Passow and Carlson, 2012), are
not included. Moreover, only downward POC export, and not
DOC vertical export (which is often seasonally-driven, Carlson
et al., 2010) is considered in this model. Note, that as the model
currency is POC, it cannot take climate-changemediated changes
in downward PIC flux into consideration (Armstrong et al., 2001;
Hofmann and Schellnhuber, 2009).

The POC exported out of the surface mixed layer is then
inputted into the subsurface mesopelagic water column where
it is further attenuated by three processes (Figures 1, 2). These
activities either act continuously (POC solubilization bymicrobes
attached to sinking particles, Hoppe et al., 1993; Arístegui et al.,
2005), or discretely (POC transformations by mesozooplankton
grazing and residing within this stratum, Dagg, 1993) as reported
by Steinberg et al. (2008). A further pathway for sinking POC
in the subsurface ocean is via zooplankton diurnal vertical

FIGURE 1 | Schematic of the coupled surface-subsurface model. The

upper panel represents the euphotic zone (Ez) and the input of

column-integrated net primary (NPP) and heterotrophic bacterial production

(BP) to fuel downward POC export flux. NPP is partitioned between pico-,

nano-, and micro-phytoplankton. Blue arrows show the grazing pathways

the BP and NPP are routed through. Curved arrows denote the two

pathways for POC to be exported from the Ez, direct sinking of a

proportion of micro-phytoplankton NPP, and of mesozooplankton fecal

pellets. For simplicity, pathways, such as bacterivory by ciliates (see

Bernard and Rassoulzadegan, 1990) are not included. The lower panel

denotes subsurface waters from the base of the Ez to 500m depth,

where attached microbes continuously solubilise POC, vertical migrators

daily shunt POC to depth, and mesozooplankton transform particles via

grazing.

migration (DVM, Hays, 1996), which is represented in the model
as a discrete vertical shunt of POC to depth without either
microbial solubilization or zooplankton particle interception and
transformation. Details of the attenuation of POC flux with depth
by each of these subsurface activities are summarized in Figure 2,
Table 1B.

High vs. Low Latitude Biological Pumps
Many other modeling studies compare and contrast how
climate change will alter rates such as NPP or downward POC
flux in high vs. low latitude oceanic regions (e.g., Bopp et al.,
2001, 2013). In the present study I have also attempted such a
comparison, and have used published datasets on NPP, depth
of the Ez, and on the foodweb structures that characterize the
low (LNLC) vs. high (HNLC) latitude oceans (Table 2) in the
model standard runs. The high latitude standard run is presented
in Figure 2. These runs are then compared with additional
simulations that highlight the relative influence of each of the
individual components of the biological pump in high vs. low
latitude waters.
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TABLE 1 | (A) Trophic transfer efficiencies through the pelagic foodweb in the surface ocean as represented by the upper panel in Figures 1, 2, and used

in the control run. (B) Particle transformations in the subsurface ocean used in the control run and presented in Figure 2.

(A) Phytoplankton /

microbial group

Grazer Trophic transfer efficiency References

Heterotrophic Bacteria Heterotrophic flagellates 0.4 Michaels and Silver, 1988

Picophytoplankton Heterotrophic flagellates 0.4 Michaels and Silver, 1988

Nanophytoplankton Ciliates 0.3 Michaels and Silver, 1988;

Straile, 1997

Microphytoplankton Mesozooplankton 0.3 Michaels and Silver, 1988;

Straile, 1997

Heterotrophic flagellates Ciliates 0.3 Michaels and Silver, 1988;

Straile, 1997

Ciliates Mesozooplankton 0.3 Michaels and Silver, 1988;

Straile, 1997

Microphytoplankton Direct sinking 1.0 After Jackson, 1990

(B) Particle

transformation

Organisms Alteration of POC flux References

Microbial solubilization Particle-attached heterotrophic bacteria 0.2% m−1 Buesseler and Boyd, 2009

Zooplankton shunt Diurnal vertical migrators One shunt of 20mg C to 100m below the Ez Buesseler and Boyd, 2009

Mesozooplankton grazing Specialist particle intercepting zooplankton

(Dagg, 1993; Paffenhöfer, 2006)

one grazing event (0.4 transfer efficiency) every

100m the particle settles below the Ez

Buesseler and Boyd, 2009

Projected Future Changes to the Oceans
Biological Pump
A wide range of studies, from lab experiments (Taucher et al.,
2015), mesocosm enclosures (Isla et al., 2008), synthesis of
observations (Rose and Caron, 2007) to modeling experiments
(Bopp et al., 2013) provide insights into how the multi-faceted
components of the biological pump are projected to be altered in
the coming decades. A synthesis of the individual components
reported to both influence the performance of the biological
pump, and which are sensitive to changing ocean conditions, is
presented in Table 3. They include those cataloged by Pörtner
et al. (2014) along with additional factors—such as seawater
viscosity and its influence on particle sinking rates (Taucher
et al., 2014) and the joint influence of warming/acidification
on bacterial solubilization of particles (Piontek et al., 2015)—
from recent research. Table 3 lists the putative controlling
environmental factor, such as warming, on each individual
component that influences the biological pump, and the reported
modification (where available) of each individual factor by
changing ocean conditions for both surface and subsurface
waters.

Representation of Climate Change Effects on the
Biological Pump in the 1D model
The synthesis of climate change effects on component of the
biological pump in Table 3 is used to constrain the changes to
individual components of the model to represent the biological
pump in a future ocean (Figure 3). In some cases, such as
future projections of NPP (Bopp et al., 2013) it was relatively
straightforward to alter the 1-Dmodel run (i.e., 10%more NPP at
high latitudes, 10% less NPP at low latitudes) to reflect the future
projected changes. For other pump components, such as changes

to bacterial enzyme activity, I employed an intermediate value
of a 10% increase (see Table 3). In other cases, such as climate-
change mediated shifts in phytoplankton community structure,
there are many different regional examples, driven by wide-
ranging aspects of changing ocean conditions, such as warming,
freshening, wind speed, nutrient supply, or OA (Table 4). Each
of these floristic shifts can have different potential effects on the
sign and magnitude of change to the biological pump, such that I
have only considered illustrative examples in the model runs.

For other components of the pump, where the sign of the
change is known, but not the magnitude—such as for the
differential sensitivity of grazers vs. phytoplankton to warming, I
applied arbitrary changes to the model in an attempt to represent
these changes. For example, in the case of reports of the growth
rate of microzooplankton responding more to warming than that
of their prey (small phytoplankton) (Rose and Caron, 2007), the
trophic transfer efficiency has been decreased to mimic a shift
in the relationship between increased grazing pressure relative
to phytoplankton growth rate (which is a complex coupling,
see Apple et al., 2011) in this climate change scenario. In other
studies, such as for mesozooplankton under warming scenarios
(Isla et al., 2008), a wide range of responses—increased fecal pellet
and egg production rates have to be reconciled against elevated
mortality rates and reduced net growth efficiency (Table 3A). The
cumulative outcome of such responses to a changing climate was
problematic to represent simply in the model runs.

Table 5 summarizes how each of the individual components
are represented in the model runs, which are each largely
based on the trends from the literature collated in Table 3. In
cases where the changes to the biological pump are not well
constrained by published studies, or where I have employed an
indirect representation of an individual process, I have used

Frontiers in Marine Science | www.frontiersin.org 4 October 2015 | Volume 2 | Article 77

http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive


Boyd Climate-change and the biological pump

FIGURE 2 | The model standard run for the high latitude ocean case,

that illustrates how the inputted POC in the Ez is transformed by

trophic transfers (using published data from Table 1). In the subsurface

ocean the export flux is further attenuated by continuous (microbes) and

discrete (zooplankton) transformations, and supplemented by a shunt of POC

to one discrete depth from vertical migrators. Black text denotes fluxes (mg C

m−2 d−1), red are trophic transfer efficiencies (proportion of 1), and blue

represents (%) such as the partitioning of micro-phytoplankton NPP between

grazing and direct sinking.

rudimentary sensitivity analysis to explore the effect of such
uncertainties. Furthermore, in the concluding section of the
Results, I have attempted to link the individual components that
influence the performance of the biological pump to explore their
cumulative effect on the pump in a future ocean. This linkage
has focussed upon using comparable climate-change mediated
forcing—such as warming or acidification—to move toward a
joint outcome due to specific environmental forcing (see later). It
has been problematic to cross-link the potential interactive effects
of forcing by multiple environmental properties, the limits on
which are presented in the Discussion.

Results

Influence of Alteration of Individual Factors
Controlling Downward POC Flux
Simulations from the 1-D model are presented as vertical plots
of downward POC flux vs. depth (presented for the base of the
Ez, 150, 300, and 500m), expressed as a systematic alteration
of each of the climate-change mediated factors influencing POC
export (Tables 3, 5), relative to the control, for the Ez (e.g.,
Figure 4A) and the subsurface Twilight Zone (e.g., Figure 4B).
For the high latitude simulations, the export flux from the base
of the 50m deep Ez ranged from 109mg C m−2 d−1 (shift to

small phytoplankton cells) to∼160mg C m−2 d−1 (higher NPP)
relative to the control run (146mg C m−2 d−1, Figure 4A). As
expected, the other runs (more photosynthate from NPP to BP;
reduced energy transfer during grazing transformations) each
resulted in 5–10% decreases in export flux at the base of the Ez.
The amplitude of POC flux, across the range of model runs, was
greatest at 50m depth (base of the Ez in high latitude waters), and
the span of these simulated POC fluxes declined with depth as the
subsurface processes (each based on the standard run, Figure 2)
further modified the sinking particles in the model (Figure 4A).

The model runs for each of the altered subsurface processes
for the high latitude case also resulted in a wide range of POC
fluxes [41 to ∼59 (control, 55mg C m−2 d−1)] at 150m depth
(Figure 4B). Increased exo-enzyme activity or a decrease in the
transfer efficiency of energy after zooplankton-mediated particle
transformations both reduced POC fluxes, whereas reduced
viscosity (faster sinking particles), de-oxygenation (less microbial
activity), or a larger DVM shunt led to higher POC fluxes at
150m. These trends were also evident at 300m depth, although
with less spread across the range of model runs, but were almost
undetectable by 500m depth, due to the pivotal role in the model
of zooplankton-mediated particle transformations removing 60%
of the downward flux for every 100m that the particles sink
(Buesseler and Boyd, 2009).

At the low latitude site, the deeper Ez of 130m (Table 2) led
to a different vertical POC flux profile than in Figure 4A, with a
flux of ∼61mg C m−2 d−1 for the control run as particle settled
out of the zone of de novo particle production (Figure 5A). The
trends for each of the model runs (for systematic alteration of
upper ocean processes that each alters POC flux) were as for
the high latitude case in Figure 4A. The range of POC fluxes at
the base of the Ez (across the different model simulations) was
44 (altered size-partitioning of NPP) to 61 (control)mg C m−2

d−1. As observed for the high latitude case, the spread of the
POC fluxes across the various model runs decreased with depth
as subsurface processes (all from the low latitude standard run,
Table 2) further attenuated the POC flux to 500m depth in the
model simulations.

The trends in the downward POC flux from 150 to 300m
for the low latitude case differed slightly—due to the region-
specific model parameterizations (Table 2)—than those for the
high latitude simulation (Figure 5B c.f. Figure 4B). Specifically,
the spread of POC export fluxes, across the range of simulations
in which individual subsurface processes were modified, was
greatest at 300m (in contrast to the high latitude site where the
amplitude of POC fluxes, across all simulations, was maximal
at 150m depth) due to several factors. First, the 150m discrete
depth selected for the model simulation—only 20m deeper
than the depth of the Ez at the low latitude site. Second,
the DVM shunt and the first zooplankton-mediated particle
transformation took place at a greater depth than in the high
latitude simulation (Table 2).

In the low latitude simulations, the alteration of each
subsurface process that influences POC export flux resulted
in a different suite of trends, relative to the control, than
was evident for the high latitude simulation (Figure 5B c.f.
Figure 4B). Although the alteration of energy transfer during
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TABLE 2 | Details of the standard runs for the representative cases for the high (HNLC subpolar waters, Boyd and Harrison, 1999; Boyd et al., 2008) vs.

low (LNLC subtropical waters, Karl et al., 2008; Boyd et al., 2008) latitude ocean.

Property High latitude case References Low latitude case References

NPP (mg C m−2 d−1) 800 Boyd and Harrison, 1999 600 Karl et al., 2008

BP(mg C m−2 d−1) 80 Boyd et al., 2008 60 Boyd et al., 2008

Size partitioning (pico:nano:micro) 0.3:0.4:0.3 Boyd and Harrison, 1999 0.5:0.4:0.1 Boyd et al., 2008

Depth of Ez (m) 50 Buesseler and Boyd, 2009 130 Buesseler and Boyd, 2009

Foodweb structure (microzoo) HNAN, CIL Boyd et al., 2008 HNAN, CIL Boyd et al., 2008

Mesozoo Copepods Boyd et al., 2008 Copepods Boyd et al., 2008

Algal export 20% of microphytoplankton NPP Buesseler and Boyd, 2009 20% of microphytoplankton NPP Buesseler and Boyd, 2009

DVM shunt of POC 50 to 150m Buesseler and Boyd, 2009 130m to 230m Buesseler and Boyd, 2009

PT length scale 100m commencing from Ez Buesseler and Boyd, 2009 100m commencing from Ez Buesseler and Boyd, 2009

The standard runs are each based on those presented in Table 4 of Buesseler and Boyd (2009) but do not directly correspond to them; in the present study the model simulations

were not altered further to utilize site-specific observations, for example on particular feeding behavior of resident zooplankton (such as Ocean Station Papa, NE Pacific) that alters the

particle transformation length scale.

TABLE 3 | Summary of projected climate-change mediated alteration of components of the biological pump for (A) surface and (B) subsurface waters.

Pump component Oceanic driver Projected change References

(A)

Phytoplankton growth Temperature (warming) ∼10% faster (nutrient-replete) no change

(nutrient-deplete)

Boyd et al., 2013 E; Marañón

et al., 2014 O&

Net Primary production Climate change (temperature,

nutrients, CO2)

10–20% decrease (low latitudes); 10–20%

increase (high latitudes)

Bopp et al., 2013M

Partitioning of NPP (POC, TEP, DOC) OA ∼20% increase in TEP production Engel, 2002; Engel et al., 2014 E;

Riebesell et al., 2007 E; Seebah

et al., 2014 E;

Floristic shifts Climate change

(warming/OA/Iron/Salinity

Shift to smaller cells (less export) Morán et al., 2010 O; Li et al.,

2009 O

Differential susceptibility Temperature (warming) Growth-rate of grazers more temperature

dependent than prey (less export)

Rose and Caron, 2007 O;

Grazer physiological responses Warming Copepods had faster respiration and ingestion

rates, but higher mortality (inconclusive)

Isla et al., 2008

Faunistic shifts Temperate and subpolar zooplankton

species shifts

Temperature (inconclusive) Edwards et al., 2013

(B)

Bacterial hydrolytic enzyme activity Temperature 20% increase (resource-replete) to no change

(resource-deplete)

Wohlers-Zöllner et al., 2011 E;

Endres et al., 2014 E; Bendtsen

et al., 2015 E; Piontek et al., 2015

E*

Particle sinking rates (viscosity) Warming 5% faster sinking/degree C warming Taucher et al., 2014M

Mesozooplankton community

composition

Temperature? Shifts which increase/decrease Jackson and Burd, 2002 M; Ikeda

et al., 2001 OParticle transformations (less/more export,

respectively)

Vertical migrators Climate change (irradiance,

temperature)

(more export) Almén et al., 2014 O; Berge et al.,

2014 O

Deoxygenation Climate change (more export) Dunne, 2010 M; Cocco et al.,

2014 O; Hofmann and

Schellnhuber, 2009 M

Environmental controls on individual factors that influence downward POC flux are based on published reports from experiments (denoted by E), modeling simulations (M), and

observations (O). In some cases, due to the paucity, and regional specificity, of published reports I have indicated the sign of the projected change on export (in italics), as opposed

to the magnitude. DOC is Dissolved Organic Carbon. Climate change denotes multiple controls such as nutrients, temperature and irradiance, as parameterised in coupled ocean

atmosphere models. &Denotes observed for low latitudes only. ? Represents major uncertainty over environmental modulation of this component of the biological pump. *Denotes joint

influence of temperature and acidification.
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FIGURE 3 | Catalog of the climate-change model runs for the individual

processes that influence the biological pump in both the surface and

subsurface ocean. The schematic is as for Figure 1 with the exception of

the letters (a) to (j) which denote changes to: (a) NPP; (b) BP; (c) phytoplankton

community structure; (d) and (e) efficiency of trophic transfer of POC In the

subsurface ocean (f) to (j) represent alteration of: (f) seawater viscosity; (g)

deoxygenation; (h) microbial solubilization; (i) vertical migration; and (j)

mesozooplankton trophic transfer efficiency. Colored letters denote processes

mediated by: temperature (black); OA (red); “climate change”(blue); and those

underlined have more than one form of mediation—e.g., model run (c) is

influenced by temperature, CO2, salinity and/or iron supply (see Table 4).

zooplankton-mediated particle transformations led to the largest
departure (faunistics, lowest POC flux) from the control run at
300m depth at both the low and high latitude sites, the influence
of other processes, such as DVM differed. The altered DVM run
resulted in a flux that was higher than the control (at 300m
depth) at the low latitude site (Figure 5B) whereas the DVM
simulation in Figure 4B was very similar to the control POC
flux. As for the high latitude simulation, the spread of POC
fluxes across these various subsurface simulations had declined
by 500m depth, again due to the dominant role of zooplankton-
mediated particle transformations in attenuating the particle flux.

Cumulative Effects of Concurrent Alteration of
Factors Controlling POC Flux
Many of the trends in Figures 4, 5, such as the effect of increasing
or decreasing NPP or decreasing the efficiency of energy
transfer during zooplankton-mediated particle transformations
in subsurface waters, were as anticipated. The outcome of
next suite of model simulations was less readily predicted
as they explored the cumulative effect on downward POC
flux when multiple individual factors, representing both
climate-change mediated surface and subsurface processes, are

altered concurrently. The selection of which individual processes
to combine in these model runs was based on published reports
of the environmental forcing (see Tables 3, 6) responsible for
the observed changes in each individual process that alters the
performance of the biological pump. This collation resulted
in four categories—the individual effect of warming; the sole
impact of Ocean Acidification (OA); the combined effect of
multiple factors (including irradiance, nutrients, temperature
evident from climate change models such as Bopp et al., 2013—
termed here as “climate change”); and the cumulative effects of
all the above factors (termed “All”). In addition, in several cases
where the sign of the change in POC flux, due to alteration of
an individual process such as alteration of energy transfer during
grazing associated with faunistic shifts, is poorly constrained
I also added runs where the sign of this process varied (see
Table 5). These sensitivity analysis runs were termed A (i.e.,
less particle attenuation than the control or B and labeled on
Figures 6, 7).

The OA-mediated changes to export flux was the simplest of
these simulations [with only altered photosynthate reported as a
direct OA effect (Table 6, but see Piontek et al., 2015 inTable 3B),
whereas for temperature seven individual factors (four associated
with surface processes, and three with subsurface processes) were
altered concurrently, Table 6]. The outcome of the cumulative
effect of altering these processes, in different permutations, was
an almost twofold range of POC fluxes exiting the base of the
50m Ez at the high latitude site (Figure 6A). Most of these
simulations resulted in lower POC fluxes, relative to the control,
at 50m depth, with the “climate change” run being the exception.
In the simplest case—that of OA, there was little departure
from the control, but increasing deviations (and lower POC
fluxes) were evident for the temperature-mediated treatment
and the largest reduction in the POC flux was for the “All A”
treatment. Despite the inclusion of several subsurface processes
in simulations such as “temperature,” or “All,” the trends in
downward POC flux did not alter significantly with depth, but
the amplitude of the POC fluxes, across the range of runs, did
decline with depth—as was evident from Figures 4, 5. However,
at 150m depth a substantial separation (1.5 fold) of the simulated
POC fluxes, resulting from each of the treatments was evident,
and the “climate change” and “all temps A” runs exhibited clear
separation from the control at 300m depth (Figure 6B).

Inter-comparison of the cumulative effects of different
environmental controls on the downward POC flux in the low
latitude case also revealed a wide range of export fluxes (>
2 fold) at the depth of the Ez (130m) (Figure 7A). As for
the high latitude case, the largest departures from the control
run were driven by some of the more complex treatments
(“all temps A” and “All A”) in which six or more individual
processes, straddling surface, and subsurface strata, were altered
concurrently. The separation of the treatments, in terms of the
magnitude of POC flux, at 150m depth was similar to that at
the base of the Ez (130m), which was not surprising given that
a 20m vertical horizon separated these discrete depths in the
simulations. However, between 150 and 300m depth there was
some “crossover” of the vertical profiles of POC flux—for “All A”
and “all temps B” treatments, that was not evident at the high
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TABLE 4 | Illustrative examples of the wide range of effects on the biological pump due to floristic shifts (see also Review by Boyd et al., 2010).

Shift Region/province Influence on the pump (driver) References

More picocyanobacteria Subtropical Atlantic Ocean Shift to smaller phytoplankton cells

(Temperature)

Morán et al., 2010

More picocyanobacteria Arctic Ocean Shift to smaller phytoplankton cells

(Salinity)

Li et al., 2009

Poleward movement of coccolithophores Subpolar waters Altered carbonate PIC pump (Temperature

and Salinity)

Winter et al., 2014

Diatoms and dinoflagellates North Sea More diatoms relative to dinoflagellates

(temperature along with windier conditions)

Hinder et al., 2012

Diatoms Subarctic Pacific Blooms and changes in the partitioning of

fixed C (Fe and CO2 manipulation)

Yoshimura et al., 2014

Heterotrophic bacteria Norwegian fjord Higher growth rates (CO2) Endres et al., 2014

Note that such diverse responses have also been reported for other individual processes driving the biological pump but their inclusion is beyond the scope of this study.

TABLE 5 | Description of the model runs that each represent alteration, either directly or indirectly, of individual processes that influence the

performance of the biological pump.

Process Direct alteration Indirect alteration

Community NPP Altered NPP toward export flux +10% (High–Lat) or –10% (Low-Lat)

relative to (C)

Photosynthate to DOM Less NPP toward export flux 10% of NPP directly to Het bacteria (0.4

transfer efficiency)

Floristic shifts (high latitudes) Altered size partitioning of NPP 0.3:0.4:0.3 (C) (pico:nano:micro) to

0.5:0.3:0.2

Floristic shifts (low latitudes) Altered size partitioning of NPP 0.5:0.4:0.1 (C) (pico:nano:micro) to

0.7:0.25:0.05

Differential susceptibility to change Lower transfer efficiency due to altered

prey-predator relationship

0.4 (C)–0.3 (HNAN)

0.3 (C)–0.25 (CIL)

Zooplankton Faunistic shifts Altered transfer efficiency due to

faunistic shifts

0.3 (C)–0.25 (MESOZOO)

Seawater Viscosity Faster settling particles hence less

solubilization by microbes

Altered particle transformation length

scale

0.2% m−1 (C)–0.15% m−1 microbial

POC flux attenuation

Bacterial enzymes More particle solubilization by microbes 0.2–0.25% m−1 attenuation of POC flux

Faunistic shifts in Zooplankton Altered transfer efficiency due to

faunistic shifts

Altered particle transformation length

scale

(C) 0.4 (every 100m) to 0.35 or 0.45 (“A”

and “B” runs in Figures 6, 7)

Vertical migrators Alter DVM shunt Altered POC shunt 20 (C) to 30mg C

m−2 d−1

Deoxygenation Less respiration (Dunne, 2010) hence

less microbial particle solubilization

Altered particle transformation length

scale

0.2% m−1 (C)–0.15% m−1 POC flux

attenuation

The magnitude of these alterations is either based on published findings/projections, or in some cases is arbitrary, but the sign of the change is based, where possible, on experimental,

observational datasets or model projections reported in Table 3. HNAN denotes heterotrophic flagellates, CIL denotes ciliates, MESOZOO is mesozooplankton. (C) denotes value used

in the control run.

latitude case (Figure 7B c.f. Figure 6B). These “cross-overs” of
the treatments were indicative of depth-dependent changes in the
relative roles of the individual properties considered within each
treatment (Figure 7B).

The relative roles of the processes setting export flux in the
surface vs. the subsurface strata were explored by expressing
the data from the control and the composite runs presented
in Figures 6, 7 as the Ez ratio and T100 (from Buesseler and
Boyd, 2009). The Ez ratio reveals the degree to which upper
ocean particle transformations, which set the POC flux out of the
Ez, decrease the input of new particles fuelled by NPP and BP.

Deeper in the water column, T100 is a measure of the attenuation
of the resulting export flux of particles as they traverse the 100m
horizon below the Ez (Buesseler and Boyd, 2009). In the high
latitude case, the control run points to the surface ocean as having
the greatest influence on the attenuation of the downward POC
flux (Ez ratio of 0.18) whereas the T100 for the control was 0.37
(Figure 8A). The range of environmentally-mediated alteration
of multiple properties resulted in Ez ratios ranging from 0.11 to
0.18, and corresponding T100 ratios of 0.37 to 0.48. The “All A”
run (pink symbol) was a conspicuous end member with Ez and
T100 ratios of 0.11 and 0.48, respectively.
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FIGURE 4 | Vertical profile of projected downward POC flux for the

control run, high latitude case. Note that the profile for the Viscosity run is

overlaid by that for De-oxygenation. (A) Additional simulations represent the

systematic alteration of the individual components of the pump for the surface

ocean: NPP, increased NPP; P-synthate, NPP directed to bacteria resulting in

increased BP; Floristics, altered size-partitioning of NPP; Diff. vulnerability,

altered microzooplankton trophic transfer efficiency; Faunistics, altered

mesozooplankton trophic transfer efficiency. (B) As for (A), but the simulations

represent the systematic alteration of the pump components for subsurface

waters: Viscosity, decreased seawater viscosity increasing particle sinking

rates; Exo-enzymes, more microbial activity; Faunistics, altered

mesozooplankton trophic transfer efficiency; Vertical migration, altered vertical

POC shunt; De-oxy, decreased microbial remineralization due to

de-oxygenation.

Examination of the trends in the Ez and T100 ratios from
the “All A” and “all temps A” runs (Figure 8A), which exhibited
the largest decreases in downward export flux (Figures 6A, 7A),
reveals that they have a larger effect on Ez than on T100, with the
latter ratios exceeding those for the control run. In contrast, the
Ez ratios for these simulations were > 1.5 fold less than that for
the controls at both the high and low latitude sites (Figure 8).
Hence the effect of warming alone, and of all factors together
being altered, has the largest effect on export out of the surface
ocean, but less effect on downward POC flux in subsurface
waters.

FIGURE 5 | Vertical profile of projected POC flux for the control run,

low latitude case. The additional simulations for (A,B) are as described in

Figures 4A,B. As for Figure 4B, the “Viscosity” profile is overlaid by

“De-oxygenation.” In the case of the NPP run, NPP is decreased for low

latitudes (Bopp et al., 2013; Marañón et al., 2014). Note, the convergence of

fluxes at 150m depth is due to relatively little influence of altered subsurface

processes over 20m depth (i.e., 130m deep Ez, Table 2).

The Ez and T100 ratios for the control in the low latitude
simulation were both lower than in the high latitude run,
reflecting differences in the surface and subsurface characteristics
at each site (Table 2), as previously reported and discussed by
Buesseler and Boyd (2009). The Ez ratio was 0.11 and T100 was
0.32 for the control (Figure 8B), and these ratio’s ranged from
0.05 to ∼0.1 for Ez and from 0.32 to 0.34 for T100. As for high
latitudes, the “All A” run (pink symbol) was an end member with
Ez and T100 ratios of 0.05 and 0.34, respectively.

Discussion

The Cumulative Effects of Different Modes of
Control on Export Fluxes
Stepwise investigation of the influence of altering each climate-
change sensitive process reported to influence the biological
pump (Figures 4, 5) helps to interpret the cumulative effect
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TABLE 6 | Summary of the coupling of individual processes used in model runs presented in Figures 6, 7.

Strata Export flux Mode of control

Phytoplankton growth Surface ocean Altered flux (altered NPP)* Temperature

Floristic shifts Surface ocean Less flux (higher proportion of small cells) Temperature (but see Table 4)

Microzooplankton and their prey: Differential susceptibility Surface ocean Less flux (more efficient grazing) Temperature

Mesozooplankton Faunistic shifts Surface ocean Less flux (more efficient grazing) Temperature

Seawater Viscosity Subsurface More flux (faster sinking particles) Temperature

Bacterial enzymes Subsurface Less flux (more solubilization of particles) Temperature

Faunistics Subsurface Less or more flux (more / less efficient grazing

parameterizations)

Temperature?

Photosynthate to DOM Surface ocean Less flux (NPP to bacteria and not to phytoplankton

carbon)

Acidification

NPP Surface ocean More flux (More NPP) Climate Change

Vertical migrators Subsurface More flux (greater DVM shunt) Climate Change

Deoxygenation Subsurface More flux (less particle solubilization Climate Change

Processes were coupled by their mode(s) of control, for example processes that have been revealed to be primarily mediated by temperature. Other modes of control that have been

reported include OA, and multiple factors. Note some effects of environmental forcing, such as of OA (see Discussion in Passow and Carlson, 2012) on the degree of calcification of

coccolithophores (Langer et al., 2006) are species-specific and so are beyond the scope of this study. *Differences in the future alteration of NPP have been reported for high (more

NPP) vs. low (less NPP) latitudes. ? Denotes uncertainties over environmental modes of control.

of joint alteration of the pump in a future ocean by multiple
factors (Figures 6, 7). In surface waters for both the high and
low latitude cases, climate-change mediated alteration of each
individual factor mainly results in decreased POC downward
flux out of the surface ocean (Figures 4, 5). At both sites, shifts
in phytoplankton community structure, and their ramifications
for the altered flows of energy through the pelagic foodweb
(Figures 1, 3), result in the largest decrease in POC flux.
These shifts in the model are based on widespread reports of
environmentally-mediated shifts toward smaller cells that are
driven regionally by temperature in low latitudes (Morán et al.,
2010) or salinity in high latitudes (Li et al., 2009).

Changes to the flows of energy through the pelagic foodweb
(Figure 3) due to altered predator-prey interactions, or more
NPP going to the dissolved phase, also decrease export flux
(Figures 4, 5) but may be offset by increased phytoplankton
growth due to warming (under nutrient-replete conditions, Boyd
et al., 2013) and/or increased high latitude NPP driven by
“climate-change” (Bopp et al., 2013). When these individual
factors are considered together they result in a substantial
decrease in downward POC flux from the base of the Ez
(Figure 6A). In the model runs, where the cumulative effects of
individual properties was investigated, no attempt was made to
explore whether there are any interactive effects between these
properties, and if any such interplay would result in synergistic
amplification or antagonistic diminution of the POC export flux
(Folt et al., 1999).

In the subsurface waters below the Ez, alteration of each
of two individual processes decreased export flux, relative
to the control, while modification of three other processes
increased this flux, resulting in changes to downward POC
flux that were more akin to a “zero sum” outcome. For
example, the effects of decreased seawater viscosity and increased
microbial solubilization of particles, as parameterized in the
model, cancel one another out. The parameterization of altered

mesozooplankton assemblages in subsurface waters had the
largest effect on POC fluxes, but little is known, apart from
exploratory modeling studies (Jackson and Burd, 2002) about
how the subsurface community will be altered by climate change.
However, temperature does influence zooplankton rates such
as respiration (Ikeda et al., 2001) and hence likely grazing
rates also. In the case of the DVM of mesozooplankton, such
migration it is likely to be a complex effect driven by temperature,
irradiance, and phytoplankton stocks (Berge et al., 2014).
There is also the likelihood of feedbacks between the resulting
changes to such biogeochemically-influential processes as DVM
(alteration of dissolved oxygen inventories, Bianchi et al., 2013)
and more intense microbially-mediated remineralization (more
subsurface nutrient recycling, Bendtsen et al., 2015) that will
have further consequences for export flux, but are beyond the
parameterization limits of this 1-D model.

The combined effect of concurrent alteration of climate-
change sensitive individual processes that influence the
functioning of the biological pump is evident to depths of 300
m, but difficult to discern below 300m (Figures 6B, 7B). The
marked decrease in simulated POC flux below 300m depth
in the control run (to rates less than reported from Thorium
disequilibria or state-of-the-art neutrally buoyant sediment
traps, Buesseler et al., 2007) is probably due to the constant
length-scale (100m) imposed in the model parameterization
for biologically-mediated particle transformations such as
zooplankton grazing on sinking particles. The concept of such
a length-scale for particle transformations was introduced
by Buesseler and Boyd (2009) to accommodate a wide
range of regional particle transformation processes and to
represent them simply within a 1-D model. However, due
to the paucity of studies of mesozooplankton grazing on
sinking particles and its depth dependency (Wilson et al.,
2008) it is fatuous to further alter this parameterization in the
model.
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FIGURE 6 | Vertical profile of projected POC flux for the control run,

high latitude case, for (A) surface and (B) subsurface processes.

Additional simulations represent the cumulative effect of alteration of individual

properties that influence the functioning of the biological pump: “all temps”

denotes all the temperature-mediated individual processes described in

Table 6 (“A” and “B” are runs in which the mesozooplankton trophic transfer

efficiency for surface waters is decreased and increased, respectively, relative

to the control); OA denoted all OA-mediated individual processes; “Climate

change” is the alteration of more complex processes (NPP, DVM, and

deoxygenation) which are controlled by multiple factors; “All” is the cumulative

effect of altering all of the temperature-, OA- and climate-change- mediated

individual factors (“A” and “B” are as described earlier).

A confounding factor in assessing the cumulative effects
of climate change on the individual processes, that set the
functioning of the biological pump, is that across the global
ocean there will likely be regionally-specific effects, such as
different environmental drivers causing similar trends. For
example, the freshening of the Arctic Ocean is reported to be
leading to a floristic shift toward small phytoplankton (Li et al.,
2009), whereas warming has a similar effect on restructuring
phytoplankton community structure in lower latitudes (Morán
et al., 2010). Table 4 reveals that other factors that cannot be
considered in this 1-Dmodel, such as nutrient supply or multiple
environmental controls, may be equally important in driving
such floristic shifts and that some changes, such as more iron to
higher latitudes (Boyd et al., 2015a), could result in higher export

FIGURE 7 | Vertical profile of projected POC flux for the control run,

low latitude case. The additional simulations in (A,B) are as described in

Figures 6A,B.

flux out of the surface ocean. Hence, a range of different outcomes
may arise from the regional climate-change mediated alteration
of processes that shape the biological pump, and in some cases
different environmental forcing may trigger similar responses in
such influential processes.

The Role of Altered Surface vs. Subsurface
Processes
The Ez ratio and T100 ratios permit robust inter-comparisons of
sites with different Ez depths, and also reveal which processes—
surface or subsurface—these regions are more sensitive to under
both present day ambient and future perturbed conditions. The
Ez and T100 ratios also provide insights into how sensitive the
surface vs. subsurface processes are to environmental forcing—
and hence where future research efforts to better quantify the
effect of a changing climate on the biological pump should be
directed.

A comparison of these metrics—in Figure 8 indicates that the
attenuation of the NPP signal in the surface mixed layer (for
the control and climate-change model runs) is greater than the
consequent decline in the POC export flux within the subsurface
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FIGURE 8 | A bubble plot of the Ez ratio vs. T100 (both defined in the

plot labels) for the (A) high latitude and (B) low latitude cases. The

model simulation represented by each bubble is color-coded as for

Figures 6, 7. The diameter of the bubble is scaled to column-integrated NPP

used in the model simulations.

ocean at both the selected high latitude and low latitude sites. This
trend, based on observations, has also been reported by Buesseler
and Boyd (2009) for lower productivity regions (relative to high
productivity water characterized by blooms). Buesseler and Boyd
proposed that the lower attenuation in POC flux in subsurface
waters was likely due to many particle transformations in the
surface ocean resulting in sinking particles that were compact and
less prone to further re-processing by the subsurface biota.

The climate-change model runs, which spanned simple (OA)
to complex (concurrent alteration of nine processes) resulted in
a∼two- and three-fold range of Ez ratios in the surface ocean for
the high and low latitude cases, respectively. In contrast, the range
of T100 ratios across themodel simulations was∼30% (0.37–0.48)
for the high latitude runs, and less (0.32–0.34) for the low latitude
simulations. Hence, based on these model runs (but with the
caveat of our present day undeveloped understanding of many of
these processes, Riebesell et al., 2009; Passow and Carlson, 2012)
climate change will have a greater influence on surface ocean
controls on the biological pump. One reason why climate-change
mediated alteration of subsurface ocean components may have

less influence on the biological pump is because the effects of
some individual factors may cancel each other out (Figure 4B)—
for example decreased seawater viscosity results in faster sinking
particles (enhancing flux) but also in faster rates of particle
remineralization by microbes (decreasing flux). Moreover, the
surface ocean is also characterized by a wider range of climate-
change sensitive forcing (light, nutrients, CO2, temperature) than
the subsurface ocean, which may also partially explain its greater
influence on downward POC flux relative to the subsurface
ocean.

Extrapolation of Trends for High vs. Low Latitude
Sites
The trends in Ez and T100 for themodel simulations are similar to
those reported for observations by Buesseler and Boyd (2009)—
with T100 exceeding Ez at subtropical (ALOHA, off Hawaii)
and subpolar (Ocean Station Papa, in the NE Pacific) sites.
The HNLC characteristics of the high latitude site (Table 2) are
also observed across about 30% of the global ocean (Moore
et al., 2004), and the properties assigned to the low latitude
site are comparable to the subtropical ocean which contains the
largest biome—the Subtropical North Pacific Gyre globally (Karl
et al., 2008). However, Figure 9 in Buesseler and Boyd (2009)
displays Ez and T100 ratios of up to 0.4 and 1.0, respectively,
from observations for the North Atlantic during the spring
bloom, and also reveals changes in these ratios with season
for different oceanic provinces, such as the Southern Ocean.
Hence, the outcomes from the high and low latitude simulations
(Figures 4–8) will be broadly representative of some but not
all other oceanic provinces, and also the 1-D model cannot
accommodate temporal shifts in either POC export flux (Lutz
et al., 2002; Henson et al., 2012; Stock et al., 2014a) or in ratios
such as Ez or T100.

The different magnitudes of POC export flux across the high
and low latitude sites (Figure 4 c.f. Figure 5) and trends in Ez and
T100 largely reflect the different environmental characteristics of
these sites (Table 2) such as the deeper Ez depth, and hence
the point of entry of new particles into the subsurface ocean
(see Discussion in Buesseler and Boyd, 2009). The small range
of T100 ratios (0.32–0.34) for the low latitude compared to the
high latitude (0.37–0.48) runs, probably reflects differences in the
model parameterization for the subsurface ocean that are driven
by the deeper Ez for low latitudes. The 130m deep Ez exit for
sinking particles also increases the depth at which the simulated
DVM shunt takes place, and the particle transformation length-
scale does not take effect until deeper in the water column at
the low latitude compared to the high latitude site. Hence the
trends from the model runs reflect both site-specific differences
in model parameterization, and different environmental forcing,
such as warming and acidification, which influences a suite of
both surface and subsurface processes at these sites with different
characteristics of their regional biological pumps.

Climate-change Controls on the Biological Pump
One utility of this relatively simple 1-D modeling approach is
that it provides insights into how different climate-change forcing
influences a suite of both surface and subsurface processes,
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such as warming or acidification. By making this connection
it is possible to cross-link the sensitivities in the model to
altered climate-change parameterizations, such as warming, with
the degree of confidence that exists for temperature-sensitive
processes. For example, temperature-modulated changes to the
viscosity of seawater can be readily estimated (Taucher et al.,
2015), whereas the effect of warming on rates of bacterial
solubilization of particles (Cunha et al., 2010; Bendtsen et al.,
2015) is more problematic particularly in the subsurface ocean
where the effects of in situ pressure on microbes is difficult
to mimic in the lab or shipboard (Giering et al., 2014; Boyd
et al., 2015b). The present 1-D modeling approach provides
the means to rank our understanding of each process, relative
to its perceived influence on the performance of the biological
pump. The model runs revealed that changes to phytoplankton
community structure had the most marked effect of all the
individual mechanisms on POC flux out of the surface ocean. In
contrast, a change in mesozooplankton community structure had
the greatest effect on the export flux signal in subsurface waters.
The datasets that illustrate the former are muchmore widespread
and well-established, than for the latter which is more speculative
and relies on several strands of indirect evidence that: fauna have
different feeding strategies in the mesopelagic (Ikeda et al., 2001;
Jackson and Burd, 2002; Paffenhöfer, 2006); climate-mediated
shifts in mesozooplankton distributions have been observed in
the surface ocean (Edwards et al., 2013) (and hence are also likely
in the subsurface ocean as conditions change), and zooplankton
species display a wide range of grazing rates (Mauchline, 1998).

Improving Estimates of the Performance of an
Altered Biological Pump
This 1-D modeling study reveals that the cumulative effect of the
individual processes, reported so far to be altered by a changing
climate, on the biological pump in the future will be considerable,
with marked reductions in POC flux projected at both high and
low latitude sites. These reduced POC fluxes are in excess of those
reported from 3-D coupled ocean atmosphere models (Bopp
et al., 2001, 2013). The 1-D and 3-D approaches bring different
levels of analysis to bear—with the cumulative effects of nine

different processes being examined in a 1-D water column in
the present study, vs. the influence of several inter-related factors
(nutrients, irradiance, temperature, NPP) on export within a
dynamic global model being jointly investigated in Bopp et al.
(2013). In particular, the interplay and feedbacks (on the input
of POC into the pump) between altered performance of the
biological pump, mesopelagic nutrient regeneration, and ocean
circulation can only be addressed in 3-D models. Clearly a
nested suite of modeling approaches is currently needed to
reduce the gaps in our knowledge, and to refine the integrated
knowledge platform required to better explore the climate change
ramifications for downward export flux in the coming decades.

Based on our current understanding of the influence of
climate change on the biological pump, the 1-D approach in
the present study indicates that the surface ocean will have a
more pronounced influence on altering the magnitude of POC
export flux in a future ocean. However, our knowledge on how
a changing environment influences upper ocean processes that
influence the pump is better than that for subsurface ocean
processes. In particular, little is known about environmental
forcing of mesozooplankton in the mesopelagic realm, and
the study of zooplankton functional traits (Litchman et al.,
2013; Vogt et al., 2013) in conjunction with advanced foodweb
modeling (Stock et al., 2014b) offers the best prospect of
advancing this field. It is also evident that although up to nine
individual properties were considered in the 1-D model here,
there are many gaps in our understanding on how complex
climate change (i.e., multi-stressors, for example see Yoshimura
et al., 2014) will influence the many “moving parts” of the
biological pump in both surface and subsurface waters. Hence, a
regional approach to this issue may be necessary to simplify this
task as much as possible, before we can address global changes to
a future biological pump with more certainty.
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