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In the last decades, evidence for impacts of climate change on the global oceans has
been accumulating (Denman et al., 2007). The ocean surface has warmed by 0.2 ◦ C
per decade in the last 30 yr (Levitus et al., 2009). Warmer surface water increases
ocean stratification and reduced the mixing of the surface waters with the nutrient-rich
deeper waters. Consequently, the oligotrophic areas in the Atlantic and Pacific ocean
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We analyse long-term trends in marine primary and particle export production and their
link to marine phytoplankton community composition over the period 1950–2006 using
a hindcast simulation of the ocean component of the Community Climate System Model
to which the Biogeochemical Elemental Cycling Model had been coupled. In our simulation, global primary and export production decreased by 6 % and 7 %, respectively
over the last 50 yr. These changes go along with a 8 % decrease in small phytoplankton biomass and 5 % decrease in zooplankton biomass. Diatom biomass decreases
by 3 % with strong temporal and spatial variability. Strongest decreases in primary and
export production occured in the Western Pacific, where increased stratification leads
to a decrease in total phytoplankton and a decrease in diatom fraction. This causes
decreases in zooplankton biomass and a lower export efficiency. Strong phytoplankton
composition changes occur in the Southern Ocean and North Atlantic, where increased
wind stress leads to stronger mixing, which reduces the biomass of small phytoplankton, while diatoms profit from higher nutrient inputs and lower grazing pressure. The
relative fraction of diatoms correlates positively with the export efficiency (r = 0.8) in
most areas except the Northern Pacific and Antarctic Circumpolar Current, where the
correlation is negative (r = −0.5). However, long-term trends in global export efficiency
are ultimately driven by decreases in small phytoplankton and consequent decreases
in coccolithophore biomass.
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have increased by 15 % over the period 1998 to 2006 (Polovina et al., 2008). In addition,
ocean acidification has been changing the chemical composition of seawater since the
onset of the industrial revolution lead to vastly increased emissions of CO2 into the
atmosphere. Compared to preindustrial times, the ocean pH at present has decreased
by 0.1 units. This is assumed to be the strongest modification of oceanic pH in the past
hundreds of thousands of years (Pelejero et al., 2010). These physical and chemical
changes might have affected marine ecosystems and marine productivity already in
a substantial manner, but very little is known so far about how marine plankton has
changed in the last 50 yr.
Marine plankton are an important player in the global carbon cycle. Marine phytoplankton take up carbon in the surface ocean during growth. Zooplankon excretion and
aggregation transform the biologically bound carbon into particles that sink into the
ocean interior. This process is known as the biological pump (Volk and Hoffert, 1985).
Different types of plankton have been classified into functional groups (PFTs), which
play specific roles in global biogeochemical cycles and show varying effectiveness in
transporting carbon to the ocean interior (Iglesias-Rodrı́guez, 2002; Le Quéré et al.,
2005). In addition to changes in total primary production, changes in plankton community structure might influence export production.
Estimating the response of the biological pump to the anthropogenic disturbance of
the global climate is still challenging. It is expected that in nutrient-limited areas with
little vertical mixing and shallow mixed layer depths, climate induced stratification leads
to stronger nutrient limitation. Therefore productivity and consequently export production is projected to decrease (Steinacher et al., 2009). Conversely, in light-limited areas
with strong mixing and deep mixed layer depths, stratification may lead to reduced light
limitation and enhanced productivity and export production (Doney et al., 2006). This
relation between productivity and stratification has been confirmed in satellite-based
measurements for the 1997–2006 period (Behrenfeld et al., 2006) and in models simulating future climate change (Steinacher et al., 2009). However, little is known on how
primary and export production may have already changed in the past decades.
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Observed changes in marine ecosystems are for instance the earlier onset of the
spring bloom (Sommer and Lengfellner, 2008), the expansion of warm-water species
into intermediate waters (Barnard et al., 2004; Beaugrand et al., 2002) or alterations
of the plankton community structure in regional ecosystems (Alheit and Niquen, 2004;
Beaugrand, 2004; Richardson and Schoeman, 2004). Recently, Boyce et al. (2010)
estimated trends in global chlorophyll concentration for the last century, reporting an
overall decline in marine plankton biomass of approximately 1 % of the global median
per year. However, these trends have been controversially discussed (Rykaczewski and
Dunne, 2011; Mackas, 2011; McQuatters-Gollop et al., 2011). The current knowledge
regarding changes in plankton community structure is even more limited. Researchers
try to estimate the present distribution of PFTs (Alvain et al., 2008; Hirata et al., 2011;
Buitenhuis et al., 2012) and to reproduce their distribution in climate models (Aumont,
2003; Kishi et al., 2007; Gregg and Casey, 2007; Buitenhuis et al., 2010). Increases in
stratification are assumed to favor small phytoplankton species against larger diatoms,
and decreases in diatom fraction in turn might lead to less efficient export of organic
matter (Marinov et al., 2010; Bopp et al., 2005).
Modeling studies can help to uncover trends in net primary production (NPP), export
production and PFT distribution that have already occurred. In this work we analyse the
influence of climate change on the biological pump in a hindcast from 1960–2006. We
focus on the mechanisms influencing changes in biomass, community structure and the
fate of organic carbon on regional and global scale. We describe the simulated changes
in export production and analyse the changes in plankton community structure and
their drivers. We investigate the relationship between changes in community structure
and the efficiency of export production and we describe changes in the way how carbon
is routed from PFT biomass to sinking particles.
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We use simulations from the Biogeochemical Elemental Cycling model BEC (Moore
et al., 2002, 2004; Doney et al., 2006) embedded in the ocean component (Parallel
Ocean Program) of the global climate model CCSM3 (Collins et al., 2006). The spatial
◦
◦
resolution is 3.6 in longitude and 0.8 to 1.8 in latitude, with a finer resolution around
the equator (Yeager et al., 2006). The ocean component of the CCSM3 has 25 vertical levels with increasing thickness from approximately 12 to 450 m. The ecosystem
model BEC models biomass and chlorophyll content of four plankton functional types
(PFTs), one zooplankton functional type and three phytoplankton types: diatoms, diazotrophs and a small phytoplankton class, which represents nano- and picoplankton
and includes an implicit representation of calcifiers. The diazotrophs are limited by
PO3−
4 (phosphate), Fe (iron) and light, while all other considered phytoplankton func−
+
tional types are also limited by NH4 (ammonia) and NO3 (nitrate). Finally, diatoms are
also limited by Si(OH)4 (silicic acid).Nutrients and light are co-limiting, with the nutrient
limitation with regard to a nutrient n being calculated according to a Michaelis-Menten
nutrient uptake kinetics. The total nutrient limitation is then set as the minimum limitation factor of all nutrients. Light limitation is calculated according to Geider et al.
(1998), temperature sensitivity is calculated with the Q10 temperature function Eppley
(1972) and is identical for all plankton types. Diatom and small phytoplankton growth is
calculated as a maximum growth rate which is then modified according to nutrient, temperature and light availability. Phytoplankton C / N / P ratios are fixed, while the Fe / C,
Si / C and Chl / C ratios are variable and depend on nutrient and light availability. Diatom
uptake of silicic acid and production of SiO2 increases under iron stress and is reduced
under silicate stress. The coccolithophore fraction and CaCO3 production is a function
of temperature and nutrient concentrations and is also dependent on biomass levels of
the small phytoplankton.
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The phytoplankton compartments are grazed by one zooplankton class, which is
parameterized to represent micro- and mesozooplankton. Depending on the type of
prey, zooplankton has a variable growth rate and the routing of grazed organic matter
to the detrital pools is weighted differently.
Of particular relevance for our work are the formation and sinking of particulate organic carbon (POC). Two detrital pools are modeled, one consisting of dissolved organic matter (DOM) and the other consisting of particulate organic matter (POM). Particulate organic matter is mainly produced by zooplankton grazing and by diatoms and
small phytoplankton via aggregation. A small fraction of POC production (<< 1 %) is
generated by non-grazing mortality of diatoms, small phytoplankton and zooplankton.
Cell aggregation losses of phytoplankton are calculated usinga quadratic function of
biomass. Therefore, aggregation losses are low at low biomass levels but increase significantly under bloom conditions. Particles formed during grazing are calculated as
a fraction of grazed matter, depending on PFT type. If diatoms are the food source,
a constant fraction (26 %) of the grazed carbon is routed to the POM pool. If small
phytoplankton are the food source, the fraction that is routed into POC depends on the
calcifier fraction and in addition increases linearly with increasing biomass, to represent
a stronger microbial loop at low biomass levels. The carbon associated with CaCO3 is
assumed to form sinking particles and is always routed to the POC pool. As an upper
limit, not more than 22 % of the grazed small phytoplankton can be routed to POC. As
the fraction of grazed matter is temperature dependent, the fraction of grazed matter
that forms sinking particles is (indirectly) temperature dependent, too, while aggregation depends only on biomass. The diazotrophs do not produce POC via aggregation
and also zooplankton does not produce POC when grazing on diazotrophs. In addition
diazotrophs constitute only a very small fraction of total phytoplankton (Moore et al.,
2002). As this works deals with the influence of plankton functional types on particle
export production, the analysis of the ecosystem model in this work is restricted to
diatoms, small phytoplankton and zooplankton.
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An extensive evaluation of the BEC coupled to the CCSM was done by Doney et al.
(2009b). The evaluation focused on time-mean spatial patterns, seasonal cycle and interannual variability of several ecological variables, among others chlorophyll, NPP and
surface nutrients. The datasets used for comparison have been taken from Conkright

|

2.3 Model evaluation

Discussion Paper

20

BGD
10, 5923–5975, 2013

PFTs and Export
Production
1960–2006
C. Laufkötter et al.

Title Page
Abstract

Introduction

Conclusions

References

Tables

Figures

J

I

J

I

Back

Close

|

15

The CCSM3 was forced with the CORE CIAF version 2 (Common Ocean-Ice Reference Experiments Corrected Inter-Annual Forcing), which was calculated using the
NCEP reanalysis dataset (Kalnay et al., 1996) and satellite based estimates of radiation, sea surface temperature, sea-ice concentration and precipitation (Large and Yeager, 2009). The simulations include a 3000 yr preindustrial spin-up simulation forced
with climatological means from the same forcing data followed by a transient simulation
for the 1950–2006 period. We do not consider the first 10 yr of the transient simulation,
to account for the change in forcing, resulting in 47 yr of model data for analysis, i.e.,
from January 1960 through Dec 2006. Biomass and export changes in a control run
forced with constant climate are of the order of 0.1 %.
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POC instantly sinks and remineralizes in the same grid cell where it originates. Sinking and remineralization is modeled according to the mineral ballast model by Armstrong et al. (2002). Particles can be ballasted with CaCO3 , SiO2 or minderal dust,
each of which has different dissolution lenght scales and protect a different fraction of
organic carbon from remineralization. Parameters for the ballast materials are based
on the sediment trap analysis of Klaas and Archer (2002). Phytoplankton types influence the sinking behaviour of organic matter through the production of SiO2 (diatoms)
and CaCO3 (small phytoplankton).
The formulas and parameters describing phytoplankton growth, grazing, export production and sinking of particles are given in the Appendix.
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et al. (2001) for surface nutrients and from McClain et al. (2004) for SeaWIFS surface
chlorophyll. Integrated primary production has been calculated using SeaWIFS data
and the VGPM model (Behrenfeld and Falkowski, 1997). We give a brief summary of
the evaluation results and refer to Doney et al. (2009b) for more details. In contrast to
our simulation they used the CORE-IAF version 1 forcing (Large and Yeager, 2004).
Moreover, some parameters of the BEC have been modified, a list with the differences
can be found in the Table 1.
Doney et al. (2009b) showed that the global mean bias of NPP and chlorophyll is
relatively small. Surface chlorophyll tends to be overestimated in the subtropical oligotrophic gyres and underestimated in the subpolar gyres. The model-data correlation
of spatial variation in the long-term mean is relatively low (r < 0.4), the model-data correlations for the seasonal anomalies are between 0.3 and 0.7. The correlation of NPP
with annual mean vertical profiles is larger than 0.95, but 0.56 for chlorophyll, mostly
because the model simulates the deep chlorophyll maximum at a too shallow depth.
Interannual variability is well captured in the low latitudes, but not as good in the midand high-latitude regions. The model skill in reproducing sea surface temperature and
surface nutrient fields is consistently higher across most of the metrics than for the
simulated ecological fields, and is intermediate for surface pCO2 , CO2 and O2 air-sea
fluxes.
Recently, the representation of PFTs in the CCSM-BEC has been compared to
satellite-based estimates of PFT distribution (Alvain et al., 2008; Hirata et al., 2011),
measurements of PFT distribution (Buitenhuis et al., 2006, 2010) and to other ecosystem models in Hashioka et al. (2012); Sailley et al. (submitted) and Vogt et al. (in prep).
The diatom fraction at the peak timing of blooms varies between about 20 % (Alvain
et al., 2008) and 70 % (Hirata et al., 2011) in satellite-based estimates. The CCSMBEC results are closer to the Hirata et al. (2011) estimate with high diatom fraction
(> 80 %) at peak timing of bloom (Hashioka et al., 2012). In the annual mean, the location of regions in which diatoms dominate biomass are captured by the BEC. However,
the extent of these regions is overestimated in the BEC compared to results of Alvain
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Trends have been calculated for each grid cell using a linear regression. Significance of
trends has been tested with a t test (α = 0.5). Degrees of freedom have been reduced
when peforming the t test as described in, e.g. Zwiers and von Storch (1995) to account
for autocorrelation. Changes in percent were obtained by normalising all results to the
mean of the first ten years.
Particle export production (EP) is defined as the average POC flux through the 100 m
depth level for each year. NPP is given as annual mean vertically integrated net primary
production between surface and 100 m depth. Phytoplankton and zooplankton biomass
are given as annual mean average concentration between surface and 100 m depth.
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et al. (2008) and Hirata et al. (2011) (Vogt et al., in prep). Since the BEC simulates
a generic zooplankton type, comparison to data or other models is unfeasible. However, the modelled generic zooplankton mostly resembles the microzooplankton class
of other models (Sailley et al., submitted).
In our simulation, average global NPP is 4.8 Pg yr−1 in the satellite-covered period (1998–2006), which is comparable with estimates from 24 satellite algorithms
−1
(50.7 Pg C yr on average) (Carr et al., 2006). NPP varies strongly with season (3.3–
−1
4.6 Pg C month ), which is in a similar range as the estimate of Behrenfeld et al. (2006)
−1
(3.8–4.6 Pg C month ). Global estimates for mean annual particle export production
are between 9.7–12 Pg C yr−1 using satellite-based estimates (Gnanadesikan, 2004)
and 9.8 Pg C yr−1 using inverse estimates (Schlitzer, 2002). Najjar et al. (2007) report
−1
13 ± 3 Pg C yr across 75 m as average of 12 global ocean models which use the same
−1
biogeochemical model. Our estimates vary between 6.5 and 7.3 Pg C yr across the
nearest depth level (80 m). While the focus in this work is on particle export production, we recognize the importance of DOC to total export production. In our simulation,
between 0.9 and 1.1 Gt DOC yr−1 are exported through the 80 m level. The total export
−1
production (DOC and POC) is between 7.4–8.4 Pg C yr . This is significantly lower
−1
than estimates of other climate models (17 ± 6 Pg C yr , Najjar et al., 2007).
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Export efficiency is the fraction of NPP that is exported through the 100 m depth level,
i.e. EP divided by NPP. Diatom fraction is the fraction of diatom biomass compared
to total phytoplankton biomass, i.e. diatom fraction = diatoms/(diatoms + small phytoplankton + diazotrophs).
3 Results
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Our model simulation shows a significant decrease in global particle export produc−1
tion by −0.8 Gt POC yr (−8 %) from 1960–2006, but with strong temporal and regional variability (Figs. 1 and 2c). Strongest decreases occur in the Western Subtropical Pacific (−2 mol POC m−2 yr−1 resp. −40 %) and in the Subpolar Southern Ocean
(−0.8 mol POC m−2 yr−1 resp. −10 %) (Fig. 2c). Export production increases in the
−2 −1
North Atlantic (+0.6 mol POC m yr resp. +30 %) and in the Polar Southern Ocean
◦
−2 −1
> 60 S (+0.4 mol POC m yr resp. +10 %). All other areas display changes of less
than 5 %. The trends are linear and persist also for the period from 1979 onward, where
satellite observations could be used to build the forcing fields. The only exception is
the Southern Ocean where export decreases again at the end of the simulation period. The magnitude of decline is greater than the interannual variability, moreover the
trends are observable in all seasons and are most pronounced in autumn (September–
November).
Changes in simulated net primary production are strongly correlated with the
changes in export production (spatial Spearman correlation Sc = 0.96). However,
changes in NPP are between 2–20 % weaker than changes in EP. The amplification
of trends between NPP and export is caused by changes in export efficiency (Fig. 1c).
Changes in export efficiency are strongly correlated with changes in export production
(Sc = 0.88) and also NPP (Figs. 1 and 2). As a result, the trends in export are amplified strongest in areas where the largest changes in NPP occur, i.e. the Western
Subtropical Pacific, North and Equatorial Atlantic and the Southern Ocean.
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NPP (and EP) changes are negatively correlated with changes in SST (Fig. 3) in the
low latitudes but positively correlated in the high latitudes. In the tropics the decrease
of NPP with increasing SST is strongest, while increase of NPP with increasing SST in
the Southern Ocean is rather weak (not shown).
The simulated changes in NPP and EP are associated with extensive shifts in diatom
NPP and small phytoplankton NPP (Fig. 4). Globally, diatom NPP decreases by −3 %.
In the North Atlantic and the Southern Ocean, diatom net primary production increases
◦
between +30 % and +60 %, except in the area west of the Antarctic Peninsula (120
◦
◦
◦
to 80 W, 50 to 70 S), where diatom NPP decreases (−30 %). In the Equatorial and
Western Pacific, in particular in the subtropical gyres, diatom NPP decreases by almost
60 % over the 1960 to 2006 period. Diatom biomass distribution changes correlate
positively with diatom NPP changes (Sc = 0.87), with increases in the high latitudes
and decreases in the low latitudes.
Small phytoplankton NPP shows strongly contrasting trends to diatom NPP in the
high latitudes but similar changes in the low latitudes (Fig. 4a, b). The global average
decrease of small phytoplankton NPP is −8 %. The model simulates strong decreases
in small phytoplankton NPP in the Southern Ocean (−45 %), except for the area west
of the Antarctic Peninsula where small phytoplankton NPP increases. In almost all
other areas small phytoplankton biomass decreases between −2 % and −40 %, with
strongest decreases in the subtropical gyres, North and Equatorial Atlantic. Trends in
small phytoplankon biomass follow trends in small phytoplankton NPP (Sc = 0.84), but
in the Equatorial Pacific small phytoplankton NPP decreases whereas small phytoplankton biomass increases). As a consequence of the changes in diatom and small
phytoplankton NPP, the diatom fraction substantially increases in the North Atlantic and
the Southern Ocean by up to 40 %, except the area west of the Antarctic Peninsula
where diatom fraction decreases. The diatom fraction also decreases in the Equatorial
and Subtropical Pacific, in particular in the western part (−20 %, −50 %). Zooplankton
biomass follows changes in small phytoplankton NPP almost everywhere (Fig. 4), but
zooplankton changes are weaker than changes in small phytoplankton NPP.
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Phytoplankton biomass and PFT distribution is controlled by a complex interplay between bottom-up processes (changes in nutrient and light availability) and top-down
processes (changes in grazing pressure). In a steady-state system (constant biomass),
there is a balance between nutrient and light supply on the one hand and grazing by
zooplankton on the other hand. In a non-steady-state system, trends in biomass can be
caused by changes in nutrients or light availability, in which case we call it a bottom-up
controlled trend, or it can be caused by changes in grazing pressure, in which case we
call it a top-down controlled trend.
While in the real ocean changes in zooplankton biomass are influenced by a variety
of factors like, e.g. the presence of larger predators or direct effects of climate change
on the zooplankton life cycle and resulting phenological mismatches (Edwards and
Richardson, 2004), zooplankton biomass in the model depends only on temperature,
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The production of SiO2 follows the trends in diatom fraction (Sc = 0.77), as can
be expected from the fact that only diatoms produce SiO2 . Changes in SiO2 production caused by differences in Si / C ratio of diatoms account for about 5 % of the total
changes in SiO2 production. CaCO3 is produced by the calcifying fraction of small phytoplankton and depends on small phytoplankton biomass, temperature and nutrient limitation. The simulated temperature changes have little influence on CaCO3 production.
Trends in CaCO3 production therefore follow trends in small phytoplankton biomass,
but they are amplified in regions where nutrient limitation increases, e.g. the Tropical
Pacific. As CaCO3 is only produced by small phytoplankton, the rain ratio is strongly
negatively correlated to the diatom fraction (Sc = −0.81). Consequently, the rain ratio
shows significant changes where the phytoplankton community composition changes
strongly, i.e. in the Southern Ocean, North Atlantic and Western Pacific.
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The model simulates a warming of 0.5 to 1.5 ◦ C of the surface ocean in the low and mid
latitudes (cooling in the North Pacific and Southern Ocean of about −1 ◦ C). The mean
◦
global increase in SST is +0.3 C, which is slightly below the estimate by Smith et al.
◦
(2008) (+0.4 C). Salinity increases in the North Atlantic (+0.8 units) and in the southern part of the Tropical Pacific (+1), and decreases in the northern part of the Tropical
Pacific(−1.0 units). Warming and salinity changes cause an increase in stratification
in the low latitudes and a decrease in stratification in the Southern Ocean and North
Atlantic. The forcing fields used for this simulation prescribe increases in wind stress,
particularly in the Southern Ocean and North Atlantic, and weaker winds in the Tropical Pacific. As a consequence of changes in wind and stratification, the simulated MLD
deepens in the North Atlantic and Southern Ocean by up to 40 %. In the Equatorial Pacific, MLD shoaled substantially (−40 %). The changes in stratification and MLD affect
phytoplankton directly by changing the light availability and have strong effects on nutrient supply, with nutrient concentrations generally increasing where stronger mixing
occurs and vice versa.
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phytoplankton biomass and zooplankton biomass. Of these variables, temperature is
the only one which can be directly affected by climate change. Strong changes in temperature are needed to significantly alter the total grazing pressure as well as the relative grazing fraction on different prey. As the mean temperature change in our simulation period is 0.3 ◦ C on global average, the resulting changes in grazing pressure drive
about 5 % of the observed trends. Therefore, we conclude that trends in our simulation
are mostly bottom-up controlled. However, once phytoplankton biomass starts changing, zooplankton grazing adapts, leading to a change in the relative grazing pressure
on the different phytoplankton PFTs (p PFTs) in some regions. The grazing pressure
strongly contributes to the dominance of diatoms, see also Hashioka et al. (2012); Sailley et al. (submitted). Therefore, the magnitude of change in p PFT biomass as well as
PFT composition is adjusted by zooplankton grazing.
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where µmax denotes the maximum growth rate for diatoms and small phytoplankton
and Tf , Nx and Lx are temperature, nutrient and light limitation (see Appendix).
Small phytoplankton are parameterized to have lower nutrient requirements, they
aren’t silicate limited and they have higher light requirements. The diatoms in contrast
are better adapted to low light, high nutrient regimes. Temperature affects both p PFTs
equally and therefore cannot be the cause for differences in growth rates of p PFTs.
An illustration for the (resulting) difference in growth rate of diatoms and small phytoplankton at different iron/nitrate and light levels is shown in Fig. 6.
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The consequence of the altered light and nutrient supply are substantial changes in
both light and nutrient limitation, which are shown in Fig. 5 (map of changes) and
Fig. 2b (timeseries for selected regions).
The general pattern is one of increased light availability but higher nutrient stress in
the low latitudes, and decreased light availability but lower nutrient stress in the high
latitudes, for both phytoplankton types. The effect is a substantial decrease of NPP in
both regimes.
Temperature changes have only a weak oh phytoplankton growth effect compared to
changes in nutrients and light. Warming in the surface ocean slightly increases NPP,
but this effect is compensated by decreases in NPP caused by decreased nutrient
and light availability. The mechanisms we find confirm the findings of several authors,
e.g. (Doney et al., 2007), and are in accordance with several climate model studies
analysing climate change in the next century (Steinacher et al., 2009; Bopp et al.,
2001; Boyd and Doney, 2002; Sarmiento et al., 2004; Le Quéré et al., 2003).
While the general pattern in nutrient and light changes is similar for diatoms and
small phytoplankton, the magnitude of growth limitation is different for the two PFTs.
Diatom and small phytoplankton growth is calculated with a multiplicative growth function where the growth rate µ of phytoplankton group x calculated as follows:
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4.1.2 Effect of physical changes on NPP and PFT composition
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Fig. 5 shows the changes in the product of nutrient and light limitation for both diatoms and small phytoplankton. With the help of the limitation factors, most trends
can be explained. The Tropical Pacific is a regime where small phytoplankton have a
significant advantage in growth compared to diatoms (Fig. 6). The warming of the surface ocean, increased stratification and lower wind stress lead to higher nutrient stress
for both p PFTs and reduce the growth rate of both p PFTs. In addition, the difference in growth rate between diatoms and small phytoplankton becomes larger, i.e. the
growth rate of the diatoms decreases more strongly than that of the small phytoplankton. Therefore the PFT composition shifts towards lower a diatom fraction.
Under the conditions typical for the Southern Ocean and North Atlantic (high nutrient
concentration but little light availability), small phytoplankton have only a weak advantage in growth compared to diatoms. During the last 50 yr, both regions underwent an
increase in wind stress, which further strengthens light-limitation and further weakens
nutrient-limitation. In the Southern Ocean, the growth rate of both p PFTs is reduced,
but the difference in growth rate becomes smaller with time, i.e. diatoms and small phytoplankton have a more similar growth rate at the end of the simulation. Considering
only bottom-up factors we would expect the PFT composition to shift towards similar
amounts of diatoms and small phytoplankton, as they have a similar growth rate. In
the North Atlantic only small phytoplankton growth is reduced, while diatom growth
accelerates, in accordance with changes in their limitation factors. We conclude that
the changes in total phytoplankton and also phytoplankton composition can be at first
order explained with the changes in limitation factors. However, Fig. 6 shows that small
phytoplankton always have a higher growth rate than diatoms under typical occurring
nutrient and light values. Considering only bottom-up factors, one would expect small
phytoplankton to always dominate biomass. In addition, not all trends can be explained
exclusively by the growth limitation factors, e.g. diatom biomass increases although
the limitation stays rather constant in the Southern Ocean. This indicates that grazing
pressure is of importance in understanding changes in phytoplankton biomass.
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where uP is the maximum grazing rate, Tf the temperature dependence and gx a zoox
plankton grazing coefficient, see Table 1 and Appendix. Figure 6 shows the difference in
specific grazing rate in dependence of the prey biomass ratio. At equal biomass, small
phytoplankton experience a higher grazing pressure than diatoms. This difference in
grazing pressure becomes larger at higher biomass levels.
The higher grazing pressure of zooplankton on small phytoplankton partly balances
the advantage in growth rate of small phytoplankton and makes it possible for diatoms
to dominate biomass in regions where their growth rate is close to the growth rate
of small phytoplankton, i.e. in high nutrient low light regimes. This top-down control
5938
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Grazing on phytoplankton type x is calculated according to a Holling type III functional
response (Holling, 1965). Grazing has the same temperature dependence as phytoplankton growth. The maximal zooplankton growth rate is higher for small phytoplankton than for diatoms. Therefore, zooplankton biomass is strongly coupled to small phytoplankton biomass and closely follows trends in small phytoplankton PP (Sc = 0.79,
Figs. 4, 7).
The observed changes in temperature only have a weak effect on zooplankton
grazing. Changes in zooplankton grazing are at first order triggered by changes in
phytoplankton biomass. The consequential change in zooplankton biomass amplifies
the changes in grazing pressure. Therefore trends in p PFT biomass are initiated by
changes in bottom-up factors and are then modified by changes in zooplankton grazing.
To illustrate the response of grazing pressure to changing phytoplankton biomass,
we analyse the specific grazing rate SG(Px ), which is the grazing rate G(Px ) on phytoplankton Px , normalized by zooplankton concentration Z (Hashioka et al., 2012):
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4.1.3 Zooplankton grazing and bottom-up vs. top-down control
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of phytoplankton composition in the BEC has also been analysed in Hashioka et al.
(2012).
In the Tropical Pacific, changes in light- and nutrient-limitation lead to decreases
in small phytoplankton biomass and stronger decreases in diatom biomass. Consequently, zooplankton biomass also decreases. The effect is less grazing of both p
PFTs, and little changes in the difference in grazing pressure (Fig. 6). Trends in the
Tropical Pacific are therefore only weakly modified by top-down processes. In the North
Atlantic, changes in nutrient and light availiability lead to increases in diatom biomass
while small phytoplankton biomass changes only slightly. This shift in biomass ratio
leads to a stronger relative grazing on diatoms. Trends in the North Atlantic are therefore weakened by top-down processes.
In the Southern Ocean, small phytoplankton biomass decreases because of changes
in light and nutrient limitation, while for diatoms decreases in light limitation are compensated by increases in nutrient limitation. The decrease in small phytoplankton is
accompagnied by a decrease in zooplankton biomass. Zooplankton doesn’t follow the
increase in total phytoplankton in the Southern Ocean, as the increase in total biomass
is associated with a strong shift towards more diatoms and zooplankton growth rates
are lower when feeding on diatoms.
The changes in PFT composition in the Southern Ocean shift the specific grazing
pressure towards a stronger diatom grazing. But as zooplankton biomass decreases,
the total grazing pressure decreases. This decreases total grazing pressure and allows
diatom biomass to increase.
In summary, trends in PFT composition can mostly be explained by changes in light
and nutrient availability. Temperature induced changes in zooplankton grazing explain
only a small fraction of the simulated phytoplankton biomass changes.
Changes in top-down control which have been caused by changes in phytoplankton
biomass weaken phytoplankton tr ends in the high latitudes, but top-down control has
little influence on trends in the low latitudes. Therefore we identify bottom-up processes
as the primary driver of the changes.
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In the BEC, particles are formed throguh four different pathways. These are zooplankton grazing of diatoms or small phytoplankton and via aggregation by either small phytoplankton or diatoms. Figure 8 shows which of these four pathways of POC formation
is the most important for the longterm mean in our simulation. In the low and mid latitudes, the production of particles is dominated by grazing on small phytoplankton (55 %
of total POC), with only small exceptions. The reason is that small phytoplankton dominate biomass in the low and mid latitudes, and grazing pressure is amplified by high
temperatures. Aggregation in the low and mid latitudes is less relevant as biomass is
kept low due to grazing.
In the high latitudes, diatom aggregation contributes the highest carbon flux to the
sinking particle pool (54 % of total POC in Southern Ocean originates from diatom
aggregation). In these regions, the diatom fraction is high and grazing pressure is low
because of the cold temperatures. Biomass reaches high levels, which results in significant aggregation fluxes. Small phytoplankton aggregation dominates particle formation
in areas where small phytoplankton has a high biomass and a high fraction of calcifiers.
Grazing on diatoms dominates POC production only in few localized areas (Fig. 8).
The dominance pattern shown in Fig. 8 shows only little change over time. During
50 yr of simulation, regions where POC production is dominated by small phytoplankton
aggregation have decreased (−4 %) in favour of regions where diatom aggregation
dominates POC production (not shown).
However, substantial changes in the magnitude of the four fluxes occur on regional
scales. Trends for the regions in which export production changed most are shown in
Fig. 9. In the Southern Ocean (Fig. 9a), diatom aggregation increased by 11 % compared to the beginning of the simulation, to the disadvantage of the grazing fluxes.
5940
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In order to understand how the changes in PFT composition are connected to the
amplification of EP compared to NPP we analyse the pathways along which carbon is
routed from PFT biomass to sinking particles.
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This reflects increases in diatom biomass and decreases in small phytoplankton and
zooplankton. In the tropical Pacific (Fig. 9b), all fluxes decrease by about 20 %. In the
North Atlantic (Fig. 9c) both diatom related fluxes increase while small phytoplankton
fluxes show little changes.
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Increases in diatom fraction lead to a higher fraction of particles ballasted with SiO2
and a stronger particle production during grazing. Consequently, the diatom fraction
is strongly positively correlated with the export efficiency almost everywhere in our
simulation (Spearman correlation coefficient > 0.8), Fig. 10). However, there is one
notably exception: at about 50◦ S and around 50◦ N in the Pacific, the correlation is
significantly negative (Spearman correlation coefficient between −0.8 and −1).
In those areas, two factors influence the export efficiency of small phytoplankton:
First, small phytoplankton include a high coccolithophore fraction, which leads to a
strong production of CaCO3 . CaCO3 is parameterized to be a more effective ballasting
material than silicate (following Klaas and Archer, 2002), therefore causing a higher
export efficiency. Second, aggregation is parameterized to depend exponentially on
biomass in our model. A decrease in small phytoplankton at a high biomass level
causes a stronger reduction in particle production than an increase in diatoms at a
low biomass level can compensate for.
A third factor influencing export efficiency in our model is the biomass level of small
phytoplankton. At low biomass levels, small phytoplankton is assumed to be composed
of nano/picophytoplankton species. The fraction of grazed matter that is routed to POC
is parameterized to be smaller to reflect a stronger microbial loop. Hence, a decrease
in small phytoplankton biomass leads to a lower export efficiency. In our simulation this
effect dominates in the low latitudes, where diatom biomass is very low and grazing on
small phytoplankton constitutes the most important particle export flux.
In summary, export efficiency (Fig. 1e and f) decreases strongly in the low latitudes,
because of both a lower diatom fraction and decreases in small phytoplankton biomass.
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In a recent study, Boyce et al. (2010) compiled chlorophyll and transparency measurements to estimate global trends in chlorophyll since 1899. They report decreases in
chlorophyll in eight out of ten ocean regions and a global rate of decline of 1 % of the
global median per year.
The Boyce et al. (2010) paper has been discussed controversially in the community. One major point of critic was the statistical handling of the combination of
transparency and chlorophyll measurements (Rykaczewski and Dunne, 2011; Mackas,
2011). Hence, for comparison with our simulation time period, we can the transparency
measurements and use chlorophyll measurements only. In our simulation we also find
a global decline in chlorophyll, with an overall reduction in chlorophyll biomass of 5 %
over the simulation period. Our hindcast is able to reproduce the direction of in situ
chlorophyll trends for the 1960–2006 period described in Boyce et al. (2010) in the
Equatorial Atlantic and Pacific, Northern Indian Ocean, Southern Ocean, i.e. in about
half of the regions. However, our simulated trends differ in several other regions. In
particular, in the North Atlantic our simulation shows a strong increase in chlorophyll.
Furthermore, Boyce et al. (2010) report increases in chlorophyll in the North Pacific,
South Indian and South Pacific, where our simulation shows decreases (North and
South Pacific) or no clear trend (South Indian).
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Export efficiency increases in the North Atlantic driven by a higher diatom fraction. In
◦
the area south of 30 S, the diatom fraction increases, but small phytoplankton biomass
and coccolithophore fraction decreases strongly, causing an overall decrease in export efficiency. On the global scale, diatom fraction increases but export efficiency decreases (Fig. 2d).
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Several authors gave satellite-based estimates for global inventory of chlorophyll and
NPP and for trends over the satellite-covered period (Gregg, 2003; Antoine, 2005;
Behrenfeld et al., 2006). Behrenfeld et al. (2006) report a significant increase from
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McQuatters-Gollop et al. (2011) pointed out that the results from Boyce et al. (2010)
contradict results from several long-term measurements. First, the dataset collected by
the Continuous Plankton Recorder survey (CPR, Edwards, 2001) shows an increase
in the Phytoplankton Colour Index in both the Northeast and Northwest Atlantic basins
(Edwards, 2001; Head and Pepin, 2010; Reid et al., 1998; Raitsos, 2005; McQuattersGollop et al., 2007), which is in good agreement with our simulated trends. Second,
the Hawaii Ocean Time-series (HOT), the Bermuda Atlantic Time Series (BATS) and
the California Cooperative Oceanic Fisheries Investigations (CalCOFI) also indicate increases in phytoplankton NPP for the tropical North Atlantic and tropical East Pacific.
(Saba et al., 2010; Kahru et al., 2009). Saba et al. (2010) report an average increase in
NPP of 2 % per year for the 1989–2007 period at both HOT and BATS station. According to our simulation, both HOT and BATS are located in regions where rather weak or
insignificant trends occur over the full simulation period. However, for the 1989–2007
period our simulation shows an increase in Chl and NPP at HOT of 15 %, but a decrease of about 5 % at BATS. Finally, the number of measurements on which Boyce
et al. (2010) based their trends are sparse in general and extremely low in the southern hemisphere, where our trends differ most from their results. At the moment it is
not possible to distinguish whether the model has weaknesses in reproducing trends in
the southern hemisphere, or if the observational record is not strong enough to derive
reliable trends.
In summary, our trends are comparable to several long-term chlorophyll and NPP
measurements. Moreover we can reproduce the direction of the trends reported by
Boyce et al. (2010) in the Equatorial Atlantic and Pacific, Northern Indian Ocean and
Southern Ocean.
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1997–1999 of 0.3 Tg chlorophyll, followed by a decrease of 0.1 Tg yr until 2006. Moreover, their estimated NPP changes are highly correlated with changes in stratification
in the permanently stratified oceans (r 2 = 0.73).
Our simulation does not show a significant trend in total chlorophyll over the SeaWiFS period. However, changes in NPP are highly correlated to changes in SST (Spearman correlation = −0.81) during the 1997–2006 period, and this correlation also exists
throughout the 1960–2006 period (Spearman correlation −0.87, see also Fig. 3). The
link between stratification and NPP is strongest in the low latitudes. In the Southern
Ocean the correlation between stratification and NPP is very weak (0.04).
Gregg (2003) used re-analyzed, blended satellite-in situ chlorophyll data records of
Coastal Zone Color Scanner (CZCS) and Seawifs data to estimate changes in global
ocean primary production from the early-to-mid 1980’s to the present. They report a
decline in NPP of more than 6 % since the early 1980’s, with nearly 70 % of the global
decline ocurring in the high latitudes. On the other hand, Antoine (2005) applied revised
algorithms to the CZCS data as well as the first 5 yr of SeaWIFS data to produce
an internally consistent time-series. Results show an increase in global chlorophyll of
about 22 %, mainly due to large increases in the tropical areas and to a lesser extent
increases in the higher latitudes. Oligotrophic gyres display declining concentrations.
Our simulation shows no significant decrease in global mean chlorophyll between
the two satellite-covered periods. We find significant decreases in most of the oligotrophic gyres (−15 %) and both regions of significant increase and decrease in the
intermediate and high latitudes. However, the interannual variability in the simulation is
strong, making it difficult to detect significant trends in the satellite-covered time period.
Satellite observations on longer time scales are needed for better evaluation of climate
models.
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While there are many model studies examining primary and export production under
future climate change (Steinacher et al., 2009; Bopp et al., 2001; Boyd and Doney,
2002; Sarmiento et al., 2004; Bopp et al., 2005), there are only few studies analysing
hindcasts of the past 50 yr.
Wang and Moore (2012) did an analysis of NPP and export production in the Southern Ocean from 1979–2003 in a hindcast, using a modified version of the BEC which
includes Prochlorococcus as a new PFT. Their model was forced with the NCEP reanalysis data (Large and Yeager, 2009) and ice fraction satellite data published in Large
and Yeager (2004). As we are using an earlier version of the same model, our results
are very close to findings of Wang and Moore (2012). Analog to our results, they report
decreasing trends in sinking POC and NPP for the Southern Ocean (> 30◦ S), caused
by changing mixed layer depths and iron concentrations. Their mean annual NPP south
◦
−1
−1
of 30 S is slightly lower than in our simulation (12.4 Pg C yr vs. 13 Pg C yr between
◦
−1
−1
1997 and 2003 and for the region south of 50 S 2.7 Pg C yr vs. 3.5 Pg C yr ). However, both our results and results given by Wang and Moore (2012) are within range of
previous estimates (e.g. Arrigo et al., 1998; Carr et al., 2006; Moore and Abbott, 2000).
Furthermore, Steinacher et al. (2009) analyse the evolution of NPP and export production in three fully-coupled climate models for the period from 1860 until 2099. The
models are forced with reconstructed CO2 and from 2000 onwards with the SRES A2
scenario. They report a coherent decline in NPP and export between 7 and 20 % at
the end of the century compared to preindustrial conditions. The trends are not linear but show little changes until about 1950 and exponentially decreased afterwards.
Changes in NPP in the 1960–2010 period are about −3 % in these simulations. Our
projected changes for the 1960–2006 period are slightly larger than the trends reported by Steinacher et al. (2009), the model shows a linear decrease of −6 % and
−7 % for NPP and export production, respectively. A linear continuation of our trends
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The interactions between climate change, ocean biology and export production that
we describe in this study are comparable to other model studies, in particular models
predicting future climate change: the negative correlation between stratification and
NPP in the low latitudes (and positive correlation in the high latitudes) in our simulation
is in agreement with results from satellite data (Behrenfeld et al., 2006). Several climate
model studies indicate that this mechanism might also prevail during the next 100 yr
(Steinacher et al., 2009; Bopp et al., 2001; Boyd and Doney, 2002; Le Quéré et al.,
2003).
In addition, our results show a negative correlation between stratification and diatom
fraction. This mechanism has also been found in studies that analyse future climate
change in different ocean models (Marinov et al., 2010; Bopp et al., 2005). Furthermore, the effects of changes in diatom fraction on export efficiency are complex in our
simulation. We find a positive correlation between interannual variability of diatom fraction and export efficiency, except in those regions with high coccolithophore fraction
(Fig. 10). While this is in accordance with previous assumptions about the relationship
between diatom fraction and export efficiency (Le Quéré et al., 2005), diatom fraction
is not the main driver of long-term global trends in export efficiency in our simulation.
Other important factors influencing export efficiency are the coccolithophore fraction
and the concentration of small phytoplankton biomass, which is associated with the
efficiency of the microbial loop in our model. In contrast to our results, in the study by
Bopp et al. (2005) the change in diatom fraction resulted in a reduced efficiency of the
biological pump on a global scale under a future 4 × CO2 scenario. Changes in export
5946
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would result in −12 % NPP and −18 % export until 2100, compared to the 1960–1969
period, which is within the range given by Steinacher et al. (2009).
In summary, our trends are within the range of other model projections for the 1960–
2006 period. In particular, our trends are comparable to model estimates simulating
anthropogenic climate change based on CO2 emissions.
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Important mechanisms that are not considered in our study include the effects of ocean
acidification on PFT growth and on calcification rates, and a decoupling of the C : N : P
ratio. These processes affect the PFT distribution and biogeochemical cycles and have
previously been found to be of relevance for the export efficiency (Weber and Deutsch,
2012; Doney et al., 2009a). Including these processes into ecosystem models has been
hampered by sparse availability of data of PFT distribution and behavior. The recent
development of new datasets describing PFT abundance (Buitenhuis et al., 2012) and
nutrient utilization traits of PFTs (Edwards et al., 2012) is an important step forward
and will help model development and improve performance of ecosystem models.
The representation of the second trophic level in the BEC as one single zooplankton
class seems to mostly mimic the behaviour of microzooplankton (Sailley et al., submitted), effects of mesozooplankton grazing and other higher trophic levels might be insufficiently considered in our simulation. Likewise, impacts of climate change on larger
predators or on the zooplankton life cycle might excert additional changes in top-down
control on phytoplankton which are not considered in our simulation. Furthermore, the
model assumes the same temperature sensitivity for phytoplankton growth and for zooplankton grazing. Heterotrophic processes have been assumed to show stronger responses to elevated temperatures (Pomeroy and Wiebe, 2001; Riebesell et al., 2009)
than NPP. We need further research to better understand the balance between NPP
and grazing processes under increasing temperatures (Riebesell et al., 2009).
5947

BGD
10, 5923–5975, 2013

PFTs and Export
Production
1960–2006
C. Laufkötter et al.

Title Page
Abstract

Introduction

Conclusions

References

Tables

Figures

J

I

J

I

Back

Close

|

20

Discussion Paper

15

4.4 Caveats and limitations

|

10

Discussion Paper

5

production (−25 %) have been significantly stronger than changes in NPP (−15 %) in
their study.
Considering the contrasting mechanisms in our hindcast simulation compared to
the mechanisms identified in the future study by Bopp et al. (2005), projections of
export efficiency seem to be strongly dependent on the ecosystem representation in the
model. Further model studies are needed to explore the range of possible interactions
between PFT composition and export efficiency.
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Finally, we focus our analysis exclusively on the particle export production. However,
DOC is assumed to contribute up to 20 % of total export production (Najjar et al., 2007).
Changes in DOC export are an important part of total export production and should be
included in further studies to complete our picture of future export production.
5 Conclusions
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Our results provide further support for a decline in chlorophyll, NPP and export production during the last 50 yr. The trends in our simulation are mostly driven by bottom-up
controls, with decreased nutrient concentrations being the main driver in the low latitudes and increased light limitation the main driver in the higher latitudes. However,
the representation of top-down control is restricted to temperature effects on grazing of
one zooplankton type in our model. We have shown that a parameterization of PFTs
including diatoms, coccolithophores and small phytoplankton of variable size impacts
the dynamics of particle production in a non-linear way. We suggest further model studies to uncover the full range of possible responses of export efficiency to changes in
PFT composition, on the basis of our current understanding of PFTs. Both better estimates of PFT distribution and measurements of the contribution of different PFTs to
the particle flux are needed. New datasets of PFT biomass and pigment concentrations
provide a promising step towards improved model evaluation (Buitenhuis et al., 2012).
More accurate satellite-based PFT estimates will also be helpful in this regard (Alvain
et al., 2008; Hirata et al., 2011). It is assumed that Climate change has been weaker
in the past 50 yr but will accelerate in the upcoming century. Stronger perturbations of
the marine ecosystems are likely to affect PFT distribution, primary and export production to a wider extent than shown in this work. Including improved representations of
PFT distribution and behaviour in simulations of future climate change might reveal an
important feedback of the biological pump to climate change.
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Model equations and parameters
We give the model equations for PFT growth, grazing, particle production and sinking in
the following. Model parameters are written in bold and the values are given in Table 1.
A1

|

5

Changes in PFT biomass

Dt

(A1)

µx = µmax · Tf · Nx · Lx ,

(A2)

where µmax denotes the maximum growth rate, Tf the temperature dependence and
Nx , Lx represent nutrient and light limitation. The temperature sensitivity Tf is calculated as:
T −Tref
)
10

,

where q10 is a temperature reference factor, T temperature and Tref a reference temperature (see Table 1). Nutrient limitation Nx is the minimum of the specific nutrient
limitations:
Nx =
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SiO
min{NxFe , NxP , Nx 3
, Nx 2 }.

(A4)
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Tf = q10 (
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where µx denotes the growth rate, Gx the loss due tu grazing, aggx the loss due to
aggregation and lossx representing the non-grazing mortality.
The growth rate for phytoplankton type x is calculated as:
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= µx × Px − Gx − aggx − lossx ,
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The changes in biomass of a phytoplankton PFT Px are calculated as:
D (Px )
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n
,
n + Kxn

(A5)

n

where Kx are the Michaelis-Menten half saturation coefficients. For NO3 and NH4 specific nutrient limitation is calculated as:
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NO3

=

NO3 /Kx
NO3

1 + (NO3 /Kx

NH4

) + (NH4 /Kx

(A6)
)

and
NH
Nx 4

NH4

=

NH4 /Kx
NO3

1 + (NO3 /Kx

NH4

) + (NH4 /Kx

.

(A7)

)
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For n = Fe, P and SiO2 , specific nutrient limitation is calculated as:
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The fraction of phytoplankton biomass Px that is grazed by zooplankton Z is calculated
with Holling type III function (Holling, 1965):


Px2
max
Gx (Px ) = ux · Tf · Z ·
.
(A9)
Px2 + (g2 · fzx )
5950
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A2 Grazing and changes in zooplankton biomass

|

where Ipar is irradiance, α is the initial slope of the photosynthesis-irradiance (P-I) curve
and ( Chl
) is the chlorophyll to carbon ratio of phytoplankton x.
C x
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The light limitation Lx is calculated according to Geider et al. (1998) as:


 
−α · Chl
·
I
par
C x


Lx = 1 − exp 
,
µmax · Nx · Tf
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The particulate organic carbon originates from grazing and aggregation and is calculated as:
10

POC
POC
+ aggdiat + aggsmall ,
+ Gsmall
POC production = Gdiat

(A11)
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Formation of POC

|

A3
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max

ux is the maximum zooplankton growth rate on phytoplankton x, g is a zooplankton
x
grazing coefficient and fz a scaling factor for grazing (see Table 1). The grazed fraction
is partly incorporated into new zooplankton biomass, a part is remineralized and a
fraction is routed to the sinking detritus pool.
The changes in zooplankton biomass Z are calculated as
!
X
D(Z)
=
iz × Gx (Px ) − lossZ
(A10)
Dt
x
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 CaCO3, POC


× QCaCO3 
 fgraz
(
)
POC
small, POC
Gsmall = Gsmall × max
.
fgraz
× Psmall



 min
POC
esmall
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diat, POC

POC
Gdiat
= Gdiat × fgraz

|

The fraction of grazed matter of phytoplankton x that is routed to POC, GxPOC , is calculated as:
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where Gdiat and Gsmall are the fractions of grazed diatoms and small phytoplankton
that are routed to the sinking particles and aggdiat and aggsmall aggregation by diatoms
and small phytoplankton.
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small
A5

small, POC

and fgraz

denote the fractions that are routed to POC, and

is a small phytoplankton grazing factor (see Table 1).

Aggregation

(A14)

max

where ax and px are the maximum aggregation rate and a quadratic mortality rate of
phytoplankton x (see Table 1). In addition, at least 1 % of diatom biomass aggregate
and sink.
A6

Sinking of particles
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Aggregation of phytoplankton x is calculated as:


2
aggx = min amax
,
p
×
,
(P
)
x
x
x
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(A15)

z0

where z0 is depth at 0 and
(T +TK 0 )−(Tref +TK 0 )

TfPOC =POC q10

10

.

(A16)
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POCflux (z) = POCflux
TfPOC
z0 e
Zz
−(z−z0 )
+ POCprod e λPOC TfPOC dz,

|

−(z−z0 )
λPOC

Discussion Paper

15

The POC pool is divided into two fractions, unballasted POC and ballasted POC. The
POC associated with ballast sinks and remineralizes together with the associated ballast material. A fraction of the ballast (”hard” fraction) together with it’s associated POC
is assumed to be resistant to degradation and is remineralized at the sea floor. More
details can be found in Moore et al. (2004). The sinking of unballasted POC depending
on depth z is calculated as:
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(z)
(z) +hard PCaCOflux
PCaCOflux
3
3


(z) +hard PSiOflux
(z)
+ωPSiO3 soft PSiOflux
3
3


+ωdust soft dustflux (z) +hard dustflux (z)
ωPCaCO3



=

soft

−(z−z0 )

PCaCOflux
e λPCaCO3
3 z0

Zz

hard
+ (1 − fPCaCO
)
3
z0

prod

PCaCO3

−(z−z0 )

e λPCaCO3 dz,

(A18)

3

z0

The sinking of the hard fraction of opal and calcium carbonate is calculated as:
=

hard

PCaCOflux
e
3 z0

−(z−z0 )
λhard

hard
+ fPCaCO
3

Zz

prod
PCaCO3 dz,

(A20)

z0

and
15

hard

PSiOflux
(z)
3

=

hard

PSiOflux
e
3 z0

−(z−z0 )
λhard

hard
+ fPSiO
3

Zz

prod

PSiO3

dz.

(A21)
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(z)
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where λPCaCO3 is the remineralization length scale (see Table 1). The equivalent opal
fluxes are:
Zz
−(z−z0 )
−(z−z0 )
prod λPSiO
flux
flux λPSiO3
hard
soft
soft
3 dz.
PSiO3 (z) = PSiO3 z e
+ (1 − fPSiO ) PSiO3 e
(A19)
0

z0
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where the ωPCaCO3 , ωPSiO3 , ωdust are mass ratios (see Table 1).


soft
flux soft
flux
PCaCO3 , PSiO3
The sinking of soft mineral ballast
is calculated as:
soft

Discussion Paper

The sinking of ballasted POC depending on depth z is calculated as:
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dustflux (z) =soft dustflux
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−(z−z0 )
λdust

(A22)

and
hard

−(z−z0 )
λhard

(A23)

,

A7 CaCO3 production

10

TCaCO3 =

T


T
 T −CaCO3, thres2

CaCOT3, thres2

max



0.

T > CaCO3, thres1
T < CaCOT3, thres1

(A25)
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T

CaCO3,thres1 , CaCO3,thres2 are temperature thresholds for calcification (see Table 1).
15

A8 SiO3 uptake by diatoms and opal production
Production of opal equals the SiO3 uptake and is calculated as:
prod

SiO3

Si
= Qdiat
× µdiat × Pdiat

(A26)
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where the temperature dependence TCaCO3 is calculated as follows:
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CaCO3 is produced by a fraction of small phytoplankton. Calfication is reduced by
nutrient limitation and temperatures below CaCOT3, thres1 (which is 1 ◦ C, see Table 1).
The maximal fraction of CaCO3 producers is 40 %:
n
prod
sp, CaCO3
CaCO3 = min fprod
× µsmall × Psmall × Nsmall × TCaCO3 0.4 × µsmall × Psmall , (A24)
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again λPSiCO3 , λdust and λhard are the respective remineralization length scales (see
Table 1).

|

5

dustflux (z) =hard dustflux
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The sinking of soft and hard mineral dust is calculated as:
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Fig. 1. Simulated changes in primary production (a) and (b), particle export production (c)
and (d) and export efficiency (e) and (f) from 1960–2006. Export efficiency is the fraction of
primary production that is exported through 100 m, calculated by dividing the export at 100 m
by integrated primary production above 100 m. Trends have been calculated for each grid cell
with linear regression. Insignificant trends have been set to zero (α = 0.5).
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Fig. 4. Simulated percental changes in (a) small phytoplankton NPP and (b) diatom NPP, (c)
zooplankton biomass and (d) resulting changes in diatom fraction.
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light values. Typical values for regions discussed in the text are marked with coloured circles.
The Southern Ocean is mainly iron-limited region, while the subtropical gyres and the North
Atlantic are mainly nitrate-limited. (b) (Small phytoplankton grazing rate – diatom grazing rate)
at different phytoplankton biomass levels and constant temperature.
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Fig. 7. Biomass structure of phytoplankton types and zooplankton at different regions. The ratio
is influenced by temperature, with higher temperatures leading to higher zooplankton quota.
Moreover diatoms can sustain a lower zooplankton fraction as the zooplankton growth rate is
lower when feeding on diatoms.
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Fig. 8. Particle production mechanism which produces the strongest flux of sinking particles on
average over the study period. The particle production mechanisms in the BEC are aggregation
by diatoms (blue) or small phytoplankton (yellow) and grazing on diatoms (green) or on small
phytoplankton (red).
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Fig. 9. Trends of particle production mechanisms in mol C m−2 yr−1 for (a) the Southern Ocean,
(b) Tropical Pacific and (c) North Atlantic over the simulation period (1960–2006).
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Fig. 10. Spearman correlation of diatom fraction with export efficiency at each grid cell. Trends
have been removed from the timeseries before calculation. Significance has been tested at
significance level α = 0.1.
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