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Abstract. We investigated the mechanisms of phytoplankton
competition during the spring bloom, one of the most dra-
matic seasonal events in lower-trophic-level ecosystems, in
four state-of-the-art plankton functional type (PFT) models:
PISCES, NEMURO, PlankTOM5 and CCSM-BEC. In par-
ticular, we investigated the relative importance of different
ecophysiological processes on the determination of the com-
munity structure, focusing both on the bottom-up and the
top-down controls. The models reasonably reproduced the
observed global distribution and seasonal variation of phy-
toplankton biomass. The fraction of diatoms with respect to
the total phytoplankton biomass increases with the magni-
tude of the spring bloom in all models. However, the govern-
ing mechanisms differ between models, despite the fact that
current PFT models represent ecophysiological processes us-
ing the same types of parameterizations. The increasing trend
in the percentage of diatoms with increasing bloom magni-
tude is mainly caused by a stronger nutrient dependence of
diatom growth compared to nanophytoplankton (bottom-up
control). The difference in the maximum growth rate plays
an important role in NEMURO and PlankTOM5 and deter-
mines the absolute values of the percentage of diatoms during
the bloom. In CCSM-BEC, the light dependency of growth

plays an important role in the North Atlantic and the South-
ern Ocean. The grazing pressure by zooplankton (top-down
control), however, strongly contributes to the dominance of
diatoms in PISCES and CCSM-BEC. The regional differ-
ences in the percentage of diatoms in PlankTOM5 are mainly
determined by top-down control. These differences in the
mechanisms suggest that the response of marine ecosystems
to climate change could significantly differ among models,
even if the present-day ecosystem is reproduced to a similar
degree of confidence. For further understanding of plankton
competition and for the prediction of future change in marine
ecosystems, it is important to understand the relative differ-
ences in each physiological rate and life history rate in the
bottom-up and the top-down controls between PFTs.

1 Introduction

In recent decades, marine ecosystem models have been es-
tablished as an essential tool for the comprehensive under-
standing of marine ecosystem dynamics and biogeochemi-
cal cycles. In addition, demands for modeling are increas-
ing not only for the quantification of the contribution of ma-
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rine ecosystem to the oceanic carbon cycle, but also for the
understanding of marine ecosystems themselves, e.g., how
different environmental conditions may lead to changes in
biodiversity or biome shifts (Denman et al., 2007). As one
possible strategy for the representation of marine ecosys-
tems in models, the plankton functional type (PFT) approach
has been suggested (Falkowski, 1999; Moore et al., 2004; Le
Quéré et al., 2005). PFT models categorize the enormous di-
versity in plankton species and taxonomy according to their
role as functional types in the biogeochemical cycling of im-
portant elements such as N, P, C or S, and their biological
role (e.g., size class, contribution to primary production, or
food-web structure and trophic level).

Coupled with earth system or climate models, PFT mod-
els effectively project several significant impacts on marine
ecosystems associated with climate change. For example,
models suggest that future impacts on marine ecosystems
associated with global warming may include (i) changes
in the primary and export productions, (ii) changes in the
community structure and (iii) changes in plankton season-
ality (phenology). Steinacher et al. (2010) compared the re-
sults from four different types of PFT models for the pe-
riod of 2000–2100. In their study, they found regional pat-
terns with decreased primary production in the subtropics, in-
creased primary production in polar latitudes, and decreased
global primary production under global warming. Manizza et
al. (2010) suggested an increase in the export production be-
tween 2005 and 2061 in high latitude oceans using two differ-
ent types of PFT models. Boyd and Doney (2001) suggested
a future increase in the rate of nitrogen fixation in subtropical
regions using a PFT model. Bopp et al. (2005) projected a de-
crease in diatoms in high latitude oceans associated with in-
creased stratification using a PFT model and a global warm-
ing scenario. Furthermore, Hashioka and Yamanaka (2007a)
suggested an earlier onset of the spring bloom at the end of
the 21st century using a PFT model. Hashioka et al. (2009)
also projected regionally specific changes in the magnitude
of blooms in the western North Pacific using a PFT model
with an eddy-permitting physical model.

While the simulations using PFT models provide valuable
information to assess potential impacts of climate change on
marine ecosystems, it is essential to understand the charac-
teristics of each model and to identify key processes that
control the projected features. Current PFT models are con-
structed as interplay of many physiological or biogeochemi-
cal processes, which are both observed or (theoretically) ex-
pected. Thus, there are many resemblances between the ba-
sic mechanisms simulated by current PFT models. For in-
stance, several key processes such as phytoplanktonic photo-
synthesis or grazing by zooplankton can be described using
the same type of equations. However, parameter values are
significantly different between models because the observed
parameter range is usually wide. The differences in the pa-
rameter values correspond to the difference in the relative
importance of the individual processes in the model.

The MARine Ecosystem Model Intercomparison Project
(MAREMIP) was launched in an effort to evaluate the role of
functional groups in the whole ecosystem and to identify the
key processes. Four PFT models participated in phase 0 of
MAREMIP, i.e., PISCES (Aumont et al., 2006), NEMURO
(Kishi et al., 2007), PlankTOM5 (Buitenhuis et al., 2010) and
CCSM-BEC (Moore et al., 2004). These models have been
compared with each other and validated with observational
data.

Here, we investigate the mechanisms of phytoplankton
competition between diatoms and nanophytoplankton dur-
ing the spring bloom in high latitude oceans. Diatoms, which
form an intense bloom, are major contributors to global car-
bon fixation. They account for 40 % of total primary pro-
duction (Nelson et al., 1995; Mann, 1999; Smetacek, 1999;
Tréguer and Pondaven, 2000). Therefore, the fraction of di-
atoms to the total phytoplankton could be an indicator for
biogeochemical and ecological status.

In order to understand the mechanisms of phytoplank-
ton competition, we distinguish between bottom-up and top-
down control on biomass. In a system dominated by bottom-
up control, the phytoplankton biomass and compositions are
primarily controlled by phytoplankton production according
to environmental conditions, such as nutrient concentrations,
light and temperature. Conceptually, smaller phytoplankton
(e.g., nanophytoplankton) have advantages for light and nu-
trient harvesting by their relatively high surface to volume ra-
tio, which allows a more efficient exploitation at low nutrient
concentrations (Chisholm, 1992). On the other hand, certain
diatoms tend to dominate under high-nutrient concentrations
because their maximum growth rates are greater than those of
smaller phytoplankton. In a system dominated by top-down
control, phytoplankton biomass and compositions are con-
trolled by the strength of the grazing pressure. Smaller phy-
toplankton are more susceptible to microzooplankton, which
tend to have higher population growth rates relative to the
slowly responding larger zooplankton. While diatoms can es-
cape from size-selective microzooplankton grazing, they suf-
fer the grazing by meso- and macrozooplankton. Based on
these concepts, we quantitatively investigated the role of each
ecophysiological process (physiological rate such as photo-
synthesis and grazing rates) in determining the community
structure in the models.

2 Methods

2.1 Characteristics of the MAREMIP phase 0 PFT
models

This section briefly summarizes the characteristics of four
global PFT models: PISCES, NEMURO, PlankTOM5 and
CCSM-BEC. A detailed description of the growth and graz-
ing equations is given in the Appendixes A and B, includ-
ing the relevant parameter values. For the detailed general
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descriptions of each model, we refer to the indicated origi-
nal publications (PISCES, Aumont et al., 2006; NEMURO,
Kishi et al., 2007; PlankTOM5, Buitenhuis et al., 2010; and
CCSM-BEC, Moore et al., 2004) and to the other intercom-
parison papers of MAREMIP phase 0 (Sailley et al., 2013
and Vogt et al., 2013).

PISCES represents two phytoplankton functional types
(pPFTs: silicifying diatoms and nanophytoplankton, the
mixed group of small phytoplankton dominating background
primary production in many ocean basins, and most trop-
ical areas) and two zooplankton functional types (zPFTs:
micro- and mesozooplankton). Phytoplankton growth is lim-
ited by the availability of nutrients (NO3, NH4, PO4, Si,
Fe), light and temperature. For the nutrient limitation of
growth, a Michaelis–Menten relationship is used (Michaelis
and Menten, 1913). For the light limitation, the steady-
state solution of the photoacclimation process of Geider et
al. (1998) is represented in this model. For the temperature
dependency, a relationship based on theQ10 is used. The
C : N : P ratios for all PFTs are assumed constant, while the
internal ratio of Fe : C, Chl : C and Si : C of phytoplankton are
predicted by the model. PISCES is coupled to an ocean gen-
eral circulation model (OGCM), NEMO version 3.2 (Madec,
2008) with a horizontal resolution of 2◦

× 0.5 ∼ 2◦ and 31
vertical levels.

NEMURO (Kishi et al., 2007) represents twopPFTs (di-
atoms and nanophytoplankton) and threezPFTs (micro-,
meso- and macrozooplankton). Phytoplankton growth is lim-
ited by the availability of nutrients (NO3, NH4, Si), light
and temperature. A simplified formulation for the iron lim-
itation of growth is employed in the original NEMURO used
during MAREMIP phase 0. For the nutrient limitation and
temperature dependency of growth, similar types of relation-
ships as those of PISCES are used, but with different param-
eter values. For light limitation, the relationship of Steel et
al. (1962) is used. One of the characteristics of NEMURO
is that mesozooplankton mainly represents a type of cope-
pod, which has ontogenetic vertical migration (e.g., Mackas
and Tsuda, 1999). Therefore, in the temperate and high lat-
itude oceans (> 30◦ N) of the Northern Hemisphere, cope-
pods appear in the surface ocean in April, and migrate into
the deep ocean in September. The timing of zooplankton mi-
gration is opposite in the Southern Hemisphere (> 30◦ S).
The C : N : Si ratios and Chl : C ratio for all PFTs are as-
sumed constant in the model. The variables for the simula-
tion of the carbon cycle are introduced into the original NE-
MURO in Yamanaka et al. (2004). NEMURO is coupled to
an OGCM, COCO (CCSR Ocean Component Model; Ha-
sumi, 2006) version 3.4, which has a horizontal resolution of
1◦

× 1◦ and 54 vertical levels (Aita et al., 2003, 2007).
PlankTOM5 represents threepPFTs (diatoms, nanophyto-

plankton and coccolithophores as calcifiers) and twozPFTs
(micro- and mesozooplankton). Phytoplankton growth is
limited by the availability of nutrients (PO4, Si, Fe), light
and temperature with relationships similar to those used in

the other models, but using a different parameter set (Buiten-
huis et al., 2010). The C : P ratios of all PFTs are fixed, while
the internal ratios of Fe : C, Chl : C and Si : C of phytoplank-
ton are predicted by the model. PlankTOM5 is coupled to
the NEMO OGCM version 2.3, with a horizontal resolution
of 2◦

× 0.5 ∼ 2◦ and 31 vertical levels.
CCSM-BEC represents three pPTFs (diatoms, nanophyto-

plankton and diazotrophs as nitrogen fixers) and one generic
zPFT (Moore et al., 2004). As in PISCES, phytoplankton
growth is limited by the availability of nutrients (NO3, NH4,
PO4, Si, Fe), light and temperature. The relationships of all
limitation factors for growth are similar to those of PISCES
and PlankTOM5, although the parameter values are different.
CCSM-BEC is coupled to the CCSM physical model with a
horizontal resolution of 3.6◦

×0.8 ∼ 1.8◦ and 25 vertical lev-
els.

A hindcast experiment was conducted by all groups. As
each PFT model is coupled to a different physical model, for
the initial conditions and biogeochemical spin-up, we refer to
the indicated original publications describing each model, re-
spectively (PISCES, Aumont et al., 2006; NEMURO, Aita et
al., 2007; PlankTOM5, Buitenhuis et al., 2010; and CCSM-
BEC, Moore et al., 2004). All models are driven by a com-
mon forcing, the NCEP/NCAR data. Surface monthly aver-
aged model output for the period of 1996–2007 was stored
for plankton biomass, nutrients and chlorophylla (Chl a)
concentrations and important physical and environmental
variables (i.e., temperature, salinity, and mixed layer depth).
Data were regridded onto a 1◦

× 1◦ horizontal grid.

2.2 Estimated PFTs distribution from satellite
observations

For the model evaluation, we used phytoplankton compo-
sition data estimated from satellite observations using two
different algorithms (Hirata et al., 2011; Alvain et al., 2005,
2008). Hirata et al. (2011) presented synoptic-scale relation-
ships between Chla concentration and phytoplankton pig-
ment groups (i.e., seven PFTs including diatoms, dinoflagel-
lates, green algae, haptophytes, picoeukaryotes, prokaryotes
andProchlorococcus) using phytoplankton pigment data de-
rived from high performance liquid chromatography (HPLC)
in the world’s ocean (Fig. 1). For diatoms, they proposed one
global relationship as follows:

(% of Diatoms) = [1.3272+

exp
(
−3.9828× log10[Chl] + 0.1953

)]−1
× 100.(1)

The root mean square errors (RMSE) of this estimation
for diatoms was 6.3 % over the entire Chla range ob-
served in situ (0.02< Chl a < 4.26 mg Chl m−3). Based on
this relationship with SeaWiFS satellite Chla, they esti-
mated the monthly surface distribution of the diatom frac-
tion. Alvain et al. (2008) estimated the frequency of domi-
nance as the relative time in a month that a certain PFT con-
stitutes the majority of biomass for the following 5 PFTs:
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Fig. 1. Black dots show the percentage of diatoms with respect to
total Chl a concentration derived from HPLC pigment data in the
world’s ocean (Hirata et al., 2011). Solid line shows one global re-
lationship between Chla concentration and fraction of diatoms es-
timated from the HPLC data (Eq. 1). The grey-shaded area is the
RMSE of this estimation. Note that thex axis uses a log scale.

diatoms, nanoeucaryotes,Prochlorococcus, Synechococcus
and Phaeocystis-like taxa, using the PHYSAT algorithms
to detect the major dominant phytoplankton groups from
anomalies of the water-leaving radiation measured by ocean
color satellites. The PHYSAT method was evaluated using in
situ measurements (Alvain et al., 2012), and the evaluation
showed 73 % correct identification of dominance for diatoms
and 82 % correct identification of dominance for nanoflagel-
lates. We converted the monthly mean frequency of diatom
dominance of Alvain et al. (2008) to the monthly averaged
percentage of diatoms for comparison with model results.
This simplified estimation might underestimate the percent-
age of diatoms in case of steep diatom blooms that have time
scales shorter than one month. This is because even if the
monthly mean frequency of diatom dominance is low, the
contributions of diatoms to the monthly average of the total
phytoplankton biomass could be high.

2.3 Definition of the relative growth ratio

In order to understand the effect of bottom-up control on phy-
toplankton competition during blooms, we compared the dif-
ferences in the growth rate between diatoms and nanophyto-
plankton as a proxy for bottom-up control. The growth rate
of the current PFT models in MAREMIP phase 0 can be de-
scribed with the common formula:

(Growth rate)Pi
= V Pi

max× f (Nlim)Pi
× f (Llim)Pi

×f
(
Tdep

)
Pi

× [Pi ] , (2)

where V
Pi
max is the maximum growth rate, a constant for

each phytoplankton type Pi . In this equation, the maximum
growth rate is limited by the nutrient and light limitation
terms (i.e.,f (Nlim)Pi

andf (Llim)Pi
) and modified by the

temperature dependency of growth (i.e.,f
(
Tdep

)
Pi

). In ad-
dition, the growth rate depends on the concentration of each
phytoplankton functional type [Pi ]. To understand how en-
vironmental conditions affect the differences in growth rate,
we use the specific growth rate in d−1, which is the growth
rate normalized by the concentration of eachpPFT.

(Specific growth rate)Pi
= (Growth rate)Pi

/ [Pi ]

= V Pi
max× f (Nlim)Pi

×f (Llim)Pi
× f

(
Tdep

)
Pi

. (3)

To quantify the effect of bottom-up control on phytoplankton
competition, we define a “relative growth ratio” as follows:

(Relative growth ratio) = log10

(
(Specificgrowthrate)PD

(Specificgrowthrate)PN

)
= log10(Specific growth rate)PD

− log10(Specific growth rate)PN
. (4)

In this equation, D represents diatoms, and N nanophyto-
plankton. As we use the logarithms of the relative growth
ratio, the relative growth ratio becomes positive when the
specific growth rate of diatoms exceeds that of nanophyto-
plankton. Conversely, negative values indicate an advantage
of nanophytoplankton in growth. We estimated the relative
growth ratio using monthly averaged data of nutrients, light
intensity, temperature and phytoplankton concentration for
each model.

In order to identify the contribution of each term to the
relative growth ratio separately, we decompose the logarithm
of the relative growth ratio as follows:

(Relative growth ratio) = log10

(
V

PD
max

V
PN
max

)

+ log10

(
f (Nlim)PD

f (Nlim)PN

)
+ log10

(
f (Llim)PD

f (Llim)PN

)
+ log10

(
f
(
Tdep

)
PD

f
(
Tdep

)
PN

)
. (5)

In this equation, the change in the relative growth ratio is de-
termined as the sum of the individual (competition) terms.
To represent the differences in physiology between diatoms
and nanophytoplankton, each model used different limita-
tion (or dependency) terms with taxon-specific parameters
(Appendix A). In PISCES, diatoms have the same maxi-
mum growth rate as nanophytoplankton. The difference in
growth rate can only be caused by the differences in the nu-
trient and light dependencies. In NEMURO, the maximum
growth rate and nutrient dependency terms are different for
diatoms and nanophytoplankton. In PlankTOM5, the max-
imum growth rate, nutrient and light dependencies are dif-
ferent for all PFTs. In CCSM-BEC, the differences in PFTs
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are caused by the nutrient and light limitation terms. A com-
mon temperature dependency based on Eppley (1972) is em-
ployed in all models, with the same parameters for diatoms
and nanophytoplankton. Thus, the temperature dependency
of the growth rate does not affect the phytoplankton compe-
tition in the current PFT models in MAREMIP phase 0, and
it can be neglected in the subsequent analysis.

In an optimal environment without any nutrient and light
limitations, diatoms have larger specific growth rates in NE-
MURO and PlankTOM5, due to the differences in the max-
imum growth rate, i.e., the relative growth ratios become
0.3 in NEMURO and 0.18 in PlankTOM5 (Appendix A, Ta-
ble A1); diatoms would thus dominate barring differences in
loss terms (e.g., mortality, aggregation, sinking, and grazing).

2.4 Definition of the relative grazing ratio

In order to understand the effects of top-down control on
phytoplankton competition, we compared the differences
in grazing rate for diatoms and nanophytoplankton. The
grazing rate on phytoplankton in the current PFT models
in MAREMIP phase 0 can be described by the following
generic formula:

(Grazing rate)Zi

Pi
= GZi

max× f
(
Tdep

)
Zi

×f (Food availability)Zi

Pi
× [Zi ] . (6)

The maximum grazing rateGZi
max is modified by a tem-

perature dependency termf
(
Tdep

)
Zi

and a food availabil-
ity term containing the grazing preferences of zooplankton
f (Food availability)Zi

Pi
. Here the food availability term also

includes the saturation relationships of a Holling type II in
PISCES and PlankTOM5 (Eq. B5), a Holling type III in
CCSM-BEC (Eqs. B14, B15) or an Ivlev equation in NE-
MURO (Eqs. B11, B12). In addition, the grazing rate de-
pends on the concentration of each zooplankton [Zi ]. In anal-
ogy to the specific growth rate for the bottom-up control, we
defined the specific grazing rate in d−1, which is the grazing
rate normalized by phytoplankton concentration.

(Specific grazing rate)Zi

Pi
=

(
(Grazing rate)Zi

Pi

[Pi ]

)
. (7)

Based on this specific grazing rate, we defined a “relative
grazing ratio” for each zooplankton type as an indicator of
top-down control as follows:

(Relative grazing ratio)Zi = log10

(
(Specific grazing rate)Zi

PN

(Specific grazing rate)Zi

PD

)
= log10(Specific grazing rate)Zi

PN

− log10(Specific grazing rate)Zi

PD
. (8)

The relative grazing ratio is mainly determined by the differ-
ences in the maximum grazing rate, in grazing preferences

and in the relative abundance of diatoms and nanophyto-
plankton. The full equations for the relative grazing ratio are
given in the Appendix B. Like for the relative growth ratio,
a positive relative grazing ratio leads to an increase in the
percentage of diatoms.

2.5 Offline estimation of biological rates and definition
of blooming region

We calculated biological rates such as the relative growth and
the grazing rates offline using the set of model equations and
the data of the biogeochemical and physical output fields of
MAREMIP phase 0 models. The offline estimations of bio-
logical rates based on monthly averaged fields are fully able
to capture the monthly averaged features of seasonal varia-
tion of the lower trophic level ecosystem including blooms.
However, as the timescales of blooms are generally shorter
than one month, for further precise analysis it is desirable to
resolve the different mechanisms of initiation and termina-
tion of blooms by online simulation or using temporally high
resolution data.

In this study, we focused on the mechanism of phyto-
plankton competition at the timing of bloom maximum.
For later analysis, we defined blooming regions as those
with surface Chla concentrations over 0.5 mg Chl m−3 at
the peak timing of the bloom in three selected regions: the
North Pacific (115◦ E–120◦ W, 20–70◦ N), the North Atlantic
(80◦ W–20◦ E, 20–80◦ N), and the Southern Ocean (40–
90◦ S). To understand the regional differences, we also took
regional averages of biological rates and plankton biomass in
each blooming region in order to examine relationship with
bloom magnitude.

3 Results and discussions

3.1 Bloom magnitude and peak timing

All models reasonably reproduced the observed spatial pat-
terns of maximum Chla concentration during blooms
(Fig. 2a) with high concentrations in the coastal regions and
low concentrations in the open oceans. However, in the ob-
servations, Chla concentrations in the coastal regions are
much higher than those of the open oceans (e.g., models sim-
ulate a maximum of around 3 to 4 mg Chl m−3 in the coastal
regions, but observations are over 10 mg Chl m−3 locally),
and the gradient between onshore and open ocean Chla is
large in the observation. Models do not capture the observed
patchiness of blooms. In the North Pacific observations, the
main blooming area is situated in the western region. This
regional maximum is also captured by all models. In the
Southern Ocean, the simulated blooming areas extend widely
into lower latitude regions (around 40◦ S), compared to the
observed blooming areas. In particular, NEMURO overesti-
mates the magnitude of blooms in the Southern Ocean.

www.biogeosciences.net/10/6833/2013/ Biogeosciences, 10, 6833–6850, 2013
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Fig. 2. (a) Distribution of the annual maximum of surface Chla

concentration (i.e., magnitude of blooms).(b) Distributions of the
timing of the annual maximum of the surface Chla (i.e., peak tim-
ing of the bloom). Regions with less than 0.5 mg Chl m−3 at the
timing of the bloom maximum are masked with gray and white col-
ors, respectively.

For SeaWiFS Chla, blooms reach their maximum con-
centration in April in the low latitude oceans, and in July
and August in the high latitude oceans of the Northern
Hemisphere (Fig. 2b). In the open ocean of the North Pa-
cific, blooms reach their maximum in September and Oc-
tober. This region corresponds to a high nutrient low Chl
(HNLC; Martin et al., 1994) region. In the Southern Ocean,
the blooms reach their maximum in December and January.
The model results reasonably reproduced the seasonal shifts
of blooming areas from low latitude to high latitude oceans in
the Northern Hemisphere. In the HNLC region in the North

Pacific, CCSM-BEC and PlankTOM5 captured well the tim-
ing of the bloom maximum in fall. In the Southern Ocean, all
models showed peak biomass timing in December and Jan-
uary as observed, except the regions of October and Novem-
ber in NEMURO.

3.2 Percentage of diatoms at the bloom maximum

To understand the contribution of diatom’s chlorophyll to
blooms, we compared the simulated relative percentage of
diatoms to the total phytoplankton Chla concentration at the
peak of the bloom with the satellite estimates of Hirata et
al. (2011) and Alvain et al. (2008). Hirata et al. (2011) shows
a high fraction of diatoms of over 70 % in the coastal regions
in the high latitude oceans (Fig. 3e). In addition, the percent-
age of diatoms in the North Pacific is much higher than that
in the North Atlantic. These regional differences of the per-
centage of diatoms mainly correspond to the changes in Chla

concentration, since the formulation of Hirata et al. (2011) is
a function of the total Chla concentration (Eq. 1). The per-
centage of diatoms deduced from the dominance frequency
data in Alvain et al. (2008), however, indicates a lower per-
centage of diatoms of less than 20 % in the North Pacific and
the North Atlantic during the maximum of the bloom. In the
Southern Ocean, the estimated diatom percentage from Al-
vain et al. (2008) reached up to 80 % during the month of
maximum Chla (Fig. 3f).

In PISCES, NEMURO and CCSM-BEC, regions with
over 70 % diatoms extend widely over all blooming regions.
In PISCES (Fig. 3a) the relative abundance of diatoms is high
along the coastal regions and low in the open oceans. There
are no significant differences between the North Pacific, the
North Atlantic and the Southern Ocean. The percentage of
diatoms in NEMURO (Fig. 3b), in contrast, shows higher
values in the North Pacific than in the North Atlantic, and the
percentage of diatoms in the Southern Ocean exceeds 90 %.
In CCSM-BEC (Fig. 3d), the percentage of diatoms is higher
in the open oceans in the North Pacific and in the North At-
lantic. In the Southern Ocean, the fraction of diatoms ex-
ceeds 90 % along the coastal regions. In PlankTOM5, the
percentage of diatoms is lower than that of the other mod-
els (Fig. 3c). In parts of the Southern Ocean and the northern
part of the North Atlantic, diatoms dominate with a percent-
age of 60 to 80 %. In the North Pacific, diatoms dominated
only in a small part of the blooming regions.

The absolute values of the percentage of diatoms in
PISCES, NEMURO and CCSM-BEC are close to the results
of Hirata et al. (2011). The regional contrast between the
North Pacific and the North Atlantic in NEMURO is consis-
tent with the estimation of Hirata et al. (2011). On the other
hand, the simulated percentage of diatoms in PlankTOM5 is
close to the estimation from Alvain et al. (2008). The wide
differences between the satellite estimates preclude a quanti-
tative assessment of the skill of the model.
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Fig. 3. Distribution of the relative percentage of diatoms with re-
spect to the total phytoplankton concentration at the peak timing
of the bloom in Fig. 2b:(a) PISCES,(b) NEMURO, (c) Plank-
TOM5, (d) CCSM-BEC, and the estimations from satellite obser-
vation,(e) Hirata et al. (2011) and(f) Alvain et al. (2008). Regions
with less than 0.5 mg Chl m−3 at the timing of the bloom maximum
are masked with gray.

3.3 Relationship between percentage of diatoms and
magnitude of blooms

We investigated the relationships between the magnitude
of blooms and the relative percentage of diatoms in three
blooming regions. In the global HPLC pigment data of Hirata
et al. (2011), the percentage of diatoms increases from 20 %
at 0.5 mg Chl m−3 to 70 % at 3.0 mg Chl m−3 (Fig. 1). In the
range of lower Chla concentration, PlankTOM5 has a simi-
lar percentage of diatoms as Hirata et al. (2011), around 20 %
(Fig. 4c). On the other hand, in the range of higher Chla con-
centrations, the results in PISCES, NEMURO and CCSM-
BEC are close to the result in Hirata et al. (2011) with simu-
lated diatom percentages around 60 to 80 % (Fig. 4a, b, d).

A common feature in all models is that the percentage of
diatoms increases over the entire Chla range of the blooms.
The increasing trend in PISCES and NEMURO is particu-
larly clear with small spatial standard deviations. In Plank-
TOM5 and CCSM-BEC, there is also an increasing trend
of the percentage of diatoms with increase in the magnitude
of blooms, but the trend is less clear than that of PISCES
and NEMURO, because of large spatial standard deviations.
In PlankTOM5, the regional differences are large compared

 

Fig. 4.Percentage of diatoms with respect to total phytoplankton at
the peak timing of the bloom as a function of the bloom magnitude
(i.e., the annual maximum of Chla concentration in the bloom re-
gions):(a) PISCES,(b) NEMURO,(c) PlankTOM5 and(d) CCSM-
BEC. The colored solid lines are the spatially averaged values in the
blooming region (green: the North Pacific, blue: the North Atlantic
and red: the Southern Ocean). The color shades are the spatial stan-
dard deviation in the blooming region of each model.

to the results of the other models with much higher diatom
fractions in the Southern Ocean versus the North Pacific. In
CCSM-BEC, for Chla concentrations> 0.9 mg Chl m−3, the
percentage of diatoms saturates around 60 %, and the per-
centage of diatoms in the North Pacific is lower than in the
other regions, like in PlankTOM5.

3.4 Effect of bottom-up control on the phytoplankton
competition

3.4.1 Comparison of the relative growth ratio

In order to understand the effect of bottom-up control on phy-
toplankton competition during blooms, we compare the rel-
ative growth ratio (Eq. 4) in each of the blooming regions
among models at the time of the bloom maximum (Fig. 5).
In PISCES, the specific growth rate of nanophytoplankton
exceeds the rate of diatoms in all blooming regions (i.e., the
relative growth ratio is negative over the entire range of the
magnitude of blooms in Fig. 5a). Therefore, the high percent-
age of diatoms in many bloom regions with values over 50 %
(Fig. 4a), cannot be explained by the difference in the spe-
cific growth rate via bottom-up control. The relative growth
ratio has significant regional differences, while the relation-
ship in the percentage of diatoms showed a positive correla-
tion with chlorophyll in all blooming regions. Thus, the ef-
fect of bottom-up control in PISCES has an effect of varying
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Fig. 5. The relative growth ratio (equivalent to the log10 of the ra-
tio of the diatom to nanophytoplankton specific growth rates, Eq. 5)
as a function of the bloom magnitude:(a) PISCES,(b) NEMURO,
(c) PlankTOM5 and(d) CCSM-BEC. A positive value means that
the diatom specific growth rate exceeds that of nanophytoplank-
ton. The colored solid lines are the spatial averages in blooming
regions (green: the North Pacific, blue: the North Atlantic and red:
the Southern Ocean). The color shades are the spatial standard de-
viation of the relative growth ratio in the blooming area of each
model. Note that thex axis uses a log scale.

strength on the relative abundance of diatoms in different
blooming regions.

In contrast to PISCES, the specific growth rate of diatoms
in NEMURO is larger than that of nanophytoplankton in all
blooming regions (i.e., the relative growth ratio is positive;
Fig. 5b). In addition, the relative growth ratio clearly in-
creases with the magnitude of the bloom. This relationship is
the same for all blooming regions, with small spatial standard
deviations in the relative growth ratio. Therefore, the increase
in the percentage of diatoms with increasing Chla (Fig. 4b)
is reasonably explained by the effect of bottom-up control in
NEMURO.

In PlankTOM5, the specific growth rate of nanophyto-
plankton exceeds that of diatoms, except for blooms with a
magnitude of over 1.0 mg Chl m−3 in the North Pacific and
over 1.3 mg Chl m−3 in the Southern Ocean (Fig. 5c). This
relationship in the relative growth ratio is generally con-
sistent with the results of the percentage of diatoms, i.e.,
nanophytoplankton dominates in most parts of the blooming
regions (Fig. 4c). However, the regional differences in the
percentage of diatoms are much larger than the differences
in the relative growth ratio. In particular, in the North Pacific
the percentage of diatoms is much lower than in the North
Atlantic, although the relative growth ratio in the North Pa-
cific exceeds the ratio in the North Atlantic in the range of
large blooms of over 1.2 mg Chl m−3. The relatively low per-

centage of diatoms in the North Pacific suggests the impor-
tance of top-down control in this blooming region in Plank-
TOM5. The spatial standard deviations of the relative growth
ratio are small compared to that of the percentage of diatoms,
in contrast to the result in PISCES. Hence, the relative im-
portance of bottom-up and top-down controls for the phyto-
plankton competition can vary between regions even within
the same model.

In CCSM-BEC, the specific growth rate of nanophyto-
plankton exceeds the rate of diatoms in all blooming re-
gions except for a part of the Southern Ocean that has a
chlorophyll concentration of about 1.0 mg Chl m−3 (Fig. 5d).
However, the percentage of diatoms is much higher than
expected from the differences in the relative growth ratio,
i.e., diatoms dominate in most of the regions of the South-
ern Ocean and the North Atlantic, and in regions with more
than 1.0 mg Chl m−3 in the North Pacific (Fig. 4d). These re-
sults suggest the importance of top-down control for phyto-
plankton competition. One of the important characteristics
in CCSM-BEC is the large spatial standard deviation of the
relative growth ratio in the Southern Ocean and the North At-
lantic compared to other models. This means that the ambi-
ent environmental conditions for phytoplankton growth dif-
fer considerably even in areas with the same magnitude of
blooms.

3.4.2 Comparison of the limitation factors of
phytoplankton growth

The current PFT models employ the same types of bio-
climatic relationships to describe the ecophysiological pro-
cess of phytoplankton growth, and the parameters are cho-
sen within the range of the observational data. However, as
shown in Sect. 3.4.1, the response of phytoplankton growth
to the surrounding environments can be significantly differ-
ent between models. This is because the relative importance
of each limitation or dependency terms in the specific growth
rate (i.e., the maximum growth rate, nutrient and light limi-
tations and temperature dependency) differs between models
and for different PFTs.

In PISCES, the relative growth ratio is mainly deter-
mined by the nutrient limitation in the entire blooming region
(Fig. 6). The contributions of bottom-up control to the domi-
nance of diatoms are summarized in the upper part of Table 1.
Nanophytoplankton have a small half saturation constant for
nutrient uptake, and thus a growth advantage over the entire
range of magnitudes of the bloom compared to diatoms. The
nutrient limitation in the North Atlantic is stronger than that
in the North Pacific and the Southern Ocean, resulting in the
regional differences in the relative growth ratio in Fig. 5. The
increasing trend of the relative growth ratio with an increas-
ing magnitude of the bloom is determined by the easing trend
of nutrient limitation, as light limitation does not play an im-
portant role for the phytoplankton competition at the time of
the maximum of the bloom.
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Table 1.Summary of the effects of the bottom-up and the top-down controls on the competition between diatoms and nanophytoplankton in
each of the models. Up and Down represent the direction of change in the percentage of diatoms associated with each process. Significant
processes in each model are shown with∗. Several processes are important only in a specific region (NP: the North Pacific, NA: the North
Atlantic, SO: the Southern Ocean). Processes that do not affect phytoplankton competition are designated by “–” (i.e., there are no differences
in the parameters used for diatom and nanophytoplankton). The contributions of light limitation in PISCES are small although there are
differences in parameter values.

PISCES NEMURO PlankTOM5 CCSM-BEC

Bottom-up

Vmax – UP∗ UP∗ –
Nutrient Limit. Down∗ Down∗ Down∗ Down∗

Light Limit. – – Down (NA) UP (NA, SO)∗

Temp. Dep. – – – –

Top-down

Microzoo. Microzoo. Microzoo.
Grazing by UP∗ UP UP Generic zoo.
Zooplankton Mesozoo. Meso/Macro Mesozoo. UP∗

Down Down Down (NP)∗

Fig. 6. The relative ratio of limitation or dependency terms (light
blue: nutrient, yellow: light and light green: maximum growth rate)
of the specific growth rate of diatoms to nanophytoplankton, i.e.,
each limitation term is divided by the term of nanophytoplankton,
as a function of the bloom magnitude:(a) the North Pacific,(b)
the North Atlantic and(c) the Southern Ocean. The logarithm scale
is used for relative ratios; positive values mean that the limitation
terms contribute to the dominance of diatoms, and negative val-
ues lead the dominance of nanophytoplankton. The solid black lines
show the relative growth ratio (Fig. 5) in each region. The sum of
each of the limitation and dependency terms corresponds to the rel-
ative growth ratio. Note that thex axis uses a log scale.

In NEMURO, the relative growth ratio is determined by
the balance between the difference in the maximum growth
rate and the difference in nutrient limitation. The difference
in the maximum growth rate contributes to the dominance of

diatoms across the entire range of bloom magnitudes. On the
other hand, nanophytoplankton has an advantage in the nutri-
ent limitation term due to its smaller half-saturation constant.
In NEMURO, there are no significant regional differences
in the strength of nutrient limitation between blooming re-
gions. As the maximum growth rate is constant over the en-
tire range of bloom magnitudes, the increasing trend of the
relative growth ratio is determined by the relative difference
in nutrient limitation betweenpPFTs.

The relative growth ratio in PlankTOM5 is mainly deter-
mined by the balance between differences in the maximum
growth rate and nutrient limitation. The increasing trend in
the relative growth ratio with the bloom magnitude is also
due to the differences in nutrient limitation since the dif-
ference in the maximum growth rate is constant. The effect
of the nutrient limitation terms on the relative growth ra-
tio is similar in PlankTOM5 and NEMURO. However, since
the difference in the maximum growth rate of diatoms and
nanophytoplankton is smaller than that of NEMURO, the
percentage of diatoms during the bloom maximum is less in
PlankTOM5 than in NEMURO (Fig. 4). Light limitation con-
tributes only weakly to the dominance of nanophytoplankton
in the range of large blooms in the North Atlantic.

In CCSM-BEC, the difference in nutrient limitation plays
an important role for the dominance of nanophytoplankton.
The difference in the light limitation plays a significant role
for the dominance of diatoms in the wide range of bloom
magnitudes in the North Atlantic and the Southern Ocean.
The increasing trend of the relative growth ratio through the
Chl a range of small blooms (less than 0.8 mg Chl m−3) in
the Southern Ocean and the North Atlantic is mainly caused
by the light limitation trend since there is no clear increasing
trend in the nutrient limitation.
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3.5 Effect of top-down control on phytoplankton
competition

3.5.1 Relationship between zooplankton concentration
and the magnitude of blooms

The effect of top-down control on phytoplankton competi-
tion is determined by the relative abundance of the differ-
ent zPFTs, and their characteristic grazing preference for
eachpPFT. First, we compared the relationship between total
zooplankton concentration and the bloom magnitude in dif-
ferent blooming regions as an indicator of the strength of the
grazing pressure on phytoplankton (Fig. 7). In PISCES, NE-
MURO and PlankTOM5, the total zooplankton concentra-
tion increases with the magnitude of the bloom, but CCSM-
BEC shows a constant zooplankton concentration for all
bloom magnitudes. The regional differences in averaged zoo-
plankton concentration are not large in all models (less than
1 mg C m−3). But thezPFT concentrations in PISCES and
NEMURO are larger than those of PlankTOM5 and CCSM-
BEC even for the same bloom magnitude. The difference in
zooplankton biomass between models, and its variation with
bloom magnitude may be due to the differences in ecosystem
structure for the higher-trophic levels. For example, whereas
PISCES and PlankTOM5 represent two size classes of zoo-
plankton (micro- and mesozooplankton), NEMURO also in-
cludes macrozooplankton, and CCSM-BEC represents one
generic zooplankton. Furthermore, the implicit treatment of
the effect of the top predators such as macrozooplankton or
pelagic fish may also account for the observed differences
in biomass. These top predators and hence their effect on
the lower trophic ecosystem are currently not included in
our models. The characteristics of the grazing interactions
in the current ecosystem models in MAREMIP phase 0 are
discussed in more detail in Sailley et al. (2013).

Each zooplankton type (i.e., micro-, meso-, macro- or
generic zooplankton) has different grazing preferences for
each phytoplankton type, and the food-web structures also
differ between models. We compared the zooplankton com-
position in blooming regions for each model (Fig. 8).

In PISCES, the zooplankton composition does not depend
on the bloom magnitude. Regionally, the contribution of mi-
crozooplankton to the total zooplankton concentration is 60
to 70 % in the Southern Ocean, 50 to 60 % in the North At-
lantic and 40 to 50 % in the North Pacific. The spatial stan-
dard deviation in the percentage of microzooplankton tends
to increase for larger blooms. In NEMURO, the percentage
of microzooplankton increases with decreasing bloom mag-
nitude (10 to 30 %). The percentage of meso- and macrozoo-
plankton increases from 30 to 40 % and from 40 to 50 % with
increasing bloom magnitude, respectively. The difference in
the percentage of microzooplankton between the bloom re-
gions is small with small spatial standard deviation. In the
North Pacific, the percentage of macrozooplankton is 20 %
higher than in other regions. In PlankTOM5, the percentage

Fig. 7. Relationships between the magnitude of blooms and the
total zooplankton concentration at the peak timing of the bloom:
(a) PISCES,(b) NEMURO, (c) PlankTOM5 and(d) CCSM-BEC.
The colored solid lines are obtained as the spatially averaged values
in the blooming region (green: the North Pacific, blue: the North At-
lantic and red: the Southern Ocean). The color shades are the spatial
standard deviation in the blooming area of each model. Note that the
x axis uses a log scale.

of microzooplankton tends to increase with the bloom mag-
nitude. Although the spatial standard deviations are much
larger than in the other models, there are significant regional
differences in PlankTOM5. Microzooplankton constitutes 50
to 70 % in the Southern Ocean, 30 to 60 % in the North At-
lantic and 20 to 30 % in the North Pacific.

3.5.2 Comparison of the relative grazing ratio

To understand the effects of the characteristic grazing pref-
erences for eachzPFT on the competition between diatoms
and nanophytoplankton, we compared the relative grazing ra-
tio (Eq. 9) in each blooming region at the peak of the bloom
between models (Fig. 9). The contributions of top-down con-
trol to the dominance of diatoms are summarized in the lower
part of Table 1.

In PISCES, the specific grazing rate of microzooplank-
ton on nanophytoplankton is larger than that on diatoms
(i.e., the relative grazing ratio is positive in Fig. 9a), and
increases with the bloom magnitude. The grazing pressure
on nanophytoplankton increases with the bloom magnitude,
but less so for the grazing pressure on diatoms. This is be-
cause the larger cells of diatoms escape grazing by micro-
zooplankton in observations, and this process is explicitly
parameterized as a maximum concentration of diatoms for
grazing in PISCES (see Eq. B8 in Appendix B; Aumont et
al., 2006). However, both phytoplankton concentrations in-
crease with the bloom magnitude (Figs. 7a, 8a). In contrast
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Fig. 8. Relationships between bloom magnitude and the relative
abundance of each zooplankton type as a function of maximal Chla

at the bloom maximum:(a) PISCES,(b) NEMURO and(c) Plank-
TOM5. The colored solid lines represent the percentage of micro-
zooplankton with respect to total zooplankton concentration, ob-
tained from the spatially averaged values in the three blooming re-
gions (green: the North Pacific, blue: the North Atlantic and red: the
Southern Ocean). The dotted lines in NEMURO show the percent-
age of the sum of microzooplankton and macrozooplankton to total
zooplankton concentration. Thus the rest of the percentage corre-
sponds to the mesozooplankton in all figures. The color shades are
the spatial standard deviation in the blooming area of each model.
Note that thex axis uses a log scale.

to microzooplankton, mesozooplankton prefers diatoms (i.e.,
the relative grazing ratio is negative in Fig. 9a), and the rela-
tive grazing ratio is constant. In PISCES, microzooplankton
has a 5.7 times higher maximum grazing rate than mesozoo-
plankton, and the concentration of microzooplankton is simi-
lar to that of mesozooplankton during blooms (Fig. 8a). As a
result, top-down control by microzooplankton significantly
contributes to the dominance of diatoms in PISCES. This
is the reason why diatoms widely dominate in most of the
bloom areas in PISCES (Fig. 4a), despite their disadvantage
in the uptake of nutrient during photosynthesis (Fig. 5a)

In NEMURO, macrozooplankton and microzooplankton
graze only on diatoms and nanophytoplankton, respectively.
Mesozooplankton graze on bothpPFTs. As can be seen in
the relative grazing ratio (Fig. 9b), mesozooplankton prefers
diatoms to nanophytoplankton, and the preferential grazing
pressure on diatoms decreases with the bloom magnitude.
This is because the grazing rate of zooplankton saturates at
high phytoplankton concentrations in the grazing equation
of Ivlev (1955) in NEMURO (Sailley et al., 2013). As a re-
sult, the grazing by mesozooplankton on diatoms saturates
in the diatom dominated blooms in NEMURO in contrast to
the grazing on nanophytoplankton. As the maximum graz-

Fig. 9. The relative grazing ratio (equivalent to the specific graz-
ing rate) as a function of the bloom magnitude:(a) PISCES,
(b) NEMURO, (c) PlankTOM5 and(d) CCSM-BEC. The colored
solid lines represent the ratio of microzooplankton in PISCES, of
mesozooplankton in NEMURO and of the generic zooplankton in
CCSM-BEC. The lines are obtained as the spatially averaged rel-
ative grazing ratio in the bloom regions (green: the North Pacific,
blue: the North Atlantic and red: the Southern Ocean). The black
solid lines are mesozooplankton, and the black dotted line is mi-
crozooplankton in PlankTOM5; these are constant among regions.
As the logarithmic scale is used to plot the relative ratio, positive
values mean that the grazing terms contribute to the dominance of
diatoms, and negative values lead to the dominance of nanophyto-
plankton. Note that thex axis uses a log scale.

ing rates are almost the same for all zooplankton types in
NEMURO, the effect of the top-down control on the com-
petition between phytoplankton types is mainly determined
by the characteristics of grazing preferences and the relative
abundance of zooplankton (Fig. 8b). Since meso- and macro-
zooplankton prefer diatoms for grazing, which dominate in
all bloom regions (70 to 90 % of the total zooplankton con-
centration), top-down control tends to decrease the percent-
age of diatoms. However, even in small blooms where the rel-
ative growth ratio is close to 0.0 (i.e., there are no differences
in the specific growth rate between diatoms and nanophyto-
plankton) and the relative grazing ratio is at it’s most negative
value (i.e., the effect of the grazing selection is maximum),
the percentage of diatoms is close to 50 %. Therefore, the
dominance of diatoms during blooms in NEMURO is mainly
determined by bottom-up control. This result is consistent
with the analysis of Hashioka and Yamanaka (2007b), i.e.,
the growth phase of blooms is mainly determined by bottom-
up control, while top-down control has an important role in
the termination of blooms.
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PlankTOM5 has the same type of grazing equations as
PISCES, although parameter values are different (see Ap-
pendix B). In addition, this model does not limit microzoo-
plankton grazing to prey concentrations below a predefined
maximum concentration of diatoms (Eqs. B7 and B8 in Ap-
pendix B). Microzooplankton and mesozooplankton prefer
nanophytoplankton and diatoms, respectively. But the rela-
tive grazing ratio for both zooplankton types does not depend
on the bloom magnitude (Eqs. B7 and B9 in Appendix B),
and hence, there are no regional differences in this ratio. The
effect of top-down control on the competition between dif-
ferent phytoplankton is determined by the selective grazing
of each zooplankton type, and by the relative abundance be-
tween micro- and mesozooplankton. As shown in Fig. 8c,
the relative abundance of microzooplankton and mesozoo-
plankton is significantly different between different bloom
regions (i.e., mesozooplankton is dominant by 80 % in the
North Pacific, while microzooplankton is dominant by 60
to 70 % in the Southern Ocean). As a result, preferential
grazing on nanophytoplankton by microzooplankton leads
to the increase in the percentage of diatoms in the South-
ern Ocean. The preferential grazing of diatoms by mesozoo-
plankton, however, contributed to the decrease in the percent-
age of diatoms in the North Pacific. This result is consistent
with the fact that the percentage of diatoms in the North Pa-
cific is much lower than those of the other regions (Fig. 4c),
although there are no significant differences in the specific
growth rate between bloom regions (Fig. 5c). Therefore, top-
down control in PlankTOM5 plays an important role for the
regional differences in the phytoplankton competition.

CCSM-BEC represents the differences in the grazing rate
on eachpPFT using grazing switching by one generic zoo-
plankton, while the other three models represent the graz-
ing selections by different zooplankton types (i.e., microzoo-
plankton prefers nanophytoplankton, and meso- or macro-
zooplankton prefer diatoms). As CCSM-BEC has only one
zooplankton type, the difference in the relative grazing ratio
directly represents the effect of top-down control (Fig. 9d).
The specific grazing rate of generic zooplankton on nanophy-
toplankton is larger than that on diatoms (i.e., the relative
grazing ratio is positive in Fig. 9d). As a result, top-down
control leads to an increase in the percentage of diatoms in
all bloom regions. As in PISCES, the relative growth ratio
of nanophytoplankton exceeds the one of diatoms in most of
the blooming region in CCSM-BEC (Fig. 5d), and the domi-
nance of diatoms is mainly determined by top-down control.

4 Conclusion

We investigated the mechanisms governing the competition
between diatoms and nanophytoplankton during blooms, us-
ing four different PFT models. The model comparison shows
that top-down control had an important role for the dom-
inance of diatoms during blooms in PISCES and CCSM-

BEC. On the other hand, bottom-up control was important
for the dominance of diatoms in NEMURO and for the dom-
inance of nanophytoplankton in PlankTOM5. These differ-
ences in the mechanisms suggest that the response of ma-
rine ecosystems to climate change could significantly differ
among models.

For further understanding, difference in maximum growth
rate between diatoms and nanophytoplankton is one factor
that determines whether phytoplankton competition during
blooms is controlled by a bottom-up or top-down mecha-
nism. In NEMURO and PlankTOM5, diatoms have greater
maximum growth rates than nanophytoplankton. On the
other hand, there are no differences in maximum growth rate
in PISCES and CCSM-BEC. During the blooming season,
when nutrient and light limitation are less important, the dif-
ference in the maximum growth rate is potentially the main
determinant of PFT dominance. Therefore, efforts are re-
quired to determine precisely the difference in the maximum
growth rate for these function types based on observations.

In observational studies, maximum growth rates of phyto-
plankton including diatoms and nanophytoplankton widely
vary from 0.2 to 3.3 day−1 under conditions of saturating
light and nutrient sufficiency (e.g., Williams, 1964; Eppley
and Sloan, 1966; Blasco et al., 1982; Schone, 1982; Tang,
1995; Kudo et al., 2000; and Milligan and Harrison, 2000).
Several studies have found that maximum growth rate tends
to decrease with increasing cell size (Sarthou et al., 2005;
Finkel et al., 2010). On the other hand, diatoms tend to have
larger maximum growth rate than nanophytoplankton of the
same cell size (Tang, 1995; Finkel et al., 2010; Ward et al.,
2012) although many diatoms are larger than any nanophyto-
plankton. The observed maximum growth rate and cell size
of each phytoplankton type widely varies, and the ranges of
variations overlap. For the evaluation of maximum growth
rates in current PFT models it is important to identify the
combination of trait values (i.e., parameter values in models)
such as cell size and maximum growth rate that are typical of
each phytoplankton type for the biogeochemical and ecolog-
ical functions considered in a given modeling study.

In top-down control, as common features among mod-
els, microzooplankton prefers to graze nanophytoplankton,
and mesozooplankton prefers diatoms, and microzooplank-
ton has a larger maximum grazing rate than mesozooplank-
ton. These properties are consistent with observational stud-
ies for microzooplankton (Buitenhuis et al., 2010); meso-
zooplankton (Buitenhuis et al., 2006) and macrozooplankton
(Moriarty, 2009). Currently, there are large uncertainties in
our understanding of the importance of top-down control as
a function of the relative concentration of eachzPFT type.
In PISCES and PlankTOM5, micro- and mesozooplankton
concentrations have the same order of magnitude, consis-
tent with observations (Buitenhuis et al., 2006, 2010). In NE-
MURO, the proportion of microzooplankton is smaller than
that of meso- and macrozooplankton. The MARine Ecosys-
tem DATabase (MAREDAT, which aims at the construction
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of a world atlas of biomass of PFTs; ESSD special issue,
2012) will further our understanding of the ocean ecosystem,
including the role of top-down control for the competition
between phytoplankton. In the case where only one generic
zooplankton is modeled, such as in CCSM-BEC, the evalua-
tion of the differences in the maximum grazing rate for each
phytoplankton type is important to determine the strength of
the top-down control, as the grazing preferences strongly de-
pend on the phytoplankton composition as prey.

This study has been done as a part of MAREMIP phase
0 aiming to understand the current ecosystem (1996–2007)
with two other intercomparison studies (Sailley et al., 2013;
Vogt et al., 2013). The next phase of MAREMIP (phase 1,
which covers model output over the period of 1985–2100)
aims to further our understanding of plankton competition,
and to project potential impacts on marine ecosystem associ-
ated with future climate changes.

Appendix A

Phytoplankton growth equations and parameters

The growth rate for each phytoplankton (Pi) in the current
PFT models can be described with the following common
formula:

(Growth rate)Pi
= V Pi

max× f (Nlim)Pi
× f (Llim)Pi

×f
(
Tdep

)
Pi

× [Pi ] . (A1)

The maximum growth rate,V Pi
max, is limited by nutrient and

light limitation terms,f (Nlim)Pi
andf (Llim)Pi

, and modi-
fied by the temperature dependency term,f

(
Tdep

)
Pi

. In addi-
tion, the growth rate is dependent on the phytoplankton con-
centration of eachpPFT,[Pi ].

The nutrient limitation term is represented in a similar
form for all models, although the limiting nutrients may dif-
fer (see Table A1; we only show the parameters that have
differences between diatoms and nanophytoplankton, i.e., the
maximum growth rate and half saturation constants for nutri-
ent uptake).

f (Nlim)Pi
= min

(
V

NO3NH4
Pi

,V Fe
Pi

,V
PO4
Pi

,V Si
PD

)
. (A2)

V Nutrient
Pi

corresponds to the strength of limitation by each nu-
trient. The limitation by nitrate and ammonium is represented
as follows in PISCES and CCSM-BEC:

V
NO3,NH4
Pi

=
K

Pi

NH4
[NO3] + K

Pi

NO3
[NH4]

K
Pi

NO3
K

Pi

NH4
+ K

Pi

NH4
[NO3] + K

Pi

NO3
[NH4]

, (A3)

whereK
Pi

Nutrient is a half saturation constant for nutrient up-
take. In NEMURO, the limitation term for nitrogen is repre-
sented by a Michaelis–Menten formula with an ammonium

inhibition term for nitrate uptake (Wroblewski, 1977) as fol-
lows:

V
NO3NH4
Pi

=
[NO3]

K
Pi

NO3
+ [NO3]

exp
(
−9Pi

[NH4]
)

+
[NH4]

K
Pi

NH4
+ [NH4]

. (A4)

For other nutrients, the limitations are represented using the
Michaelis–Menten formula.

V x
Pi

=
[x]

K
Pi
x + [x]

, (A5)

wherex is Fe, PO4 or Si. In PISCES, the half saturation con-
stants for iron and silicate depend on phytoplankton concen-
tration and the maximum local yearly concentration of sili-
cate (Pondaven et al., 1998), respectively.

K
Pi

Fe =
K

Pi min
Fe min([Pi], [Pi max]) + K

Pi max
Fe max(0, [Pi] − [Pi max])

min([Pi], [Pi max]) + max(0, [Pi] − [Pi max])
, (A6)

KD
Si = Kmin

Si + Kmax
Si

[Simax]
2

K2
Si + [Simax]

2
. (A7)

For the parameterization of light limitation, PISCES
and CCSM-BEC employed the relationship of Geider et
al. (1998), and it depends on the growth rate, a Chl / C ratio
in phytoplankton,θPi

, and the light intensity given as PAR.

f (Llim)Pi
=

(
1− exp

(
−αθPi [PAR]

V
Pi
max× f (Tdep) × f (Nlim)Pi

))
. (A8)

α is an initial slope of the P-I curve. PlankTOM5 employs
the same types of relationship, but it uses a balanced growth
solution for the light limitation:

f (Llim)Pi
=

(
1− exp

(
−α[PAR]

V
Pi
max

))
, (A9)

In NEMURO, light limitation is parameterized using the re-
lationship of Steel (1962) as follows:

f (Llim)Pi
=

[PAR]

Iopt
exp

(
1−

[PAR]

Iopt

)
. (A10)

Iopt is an optimal light intensity for phytoplankton growth,
and the parameter values are the same for diatoms and
nanophytoplankton. For the temperature dependency term,
theQ10 relationship is employed in all the models, and there
are no parameter differences between diatoms and nanophy-
toplankton. We used surface PAR from the NCEP/NCAR
data.
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Table A1. Parameter list for the maximum growth rates and half-saturation constants for nutrient uptake.

Parameter Value Unit Description

PISCES

V
PN
max, V

PD
max 0.66, 0.66 d−1 Maximum growth rate at 0◦C

K
PN
PO4

, K
PD
PO4

0.4, 0.8 µmol P L−1 Half saturation constant for phosphate

K
PN
NH4

, K
PD
NH4

0.0135, 0.065 µmol N L−1 Half saturation constant for ammonium

K
PN
NO3

, K
PD
NO3

0.26, 1.3 µmol P L−1 Half saturation constant for nitrate

K
PN min
Fe , K

PD min
Fe 0.02, 0.1 µmol Fe L−1 Half saturation constant for iron (min)

K
PN max
Fe , K

PD max
Fe 0.08, 0.4 µmol Fe L−1 Half saturation constant for iron (max)

K
PD
Si 3.0 µmol Si L−1 Half saturation constant for silicate

Kmin
Si , Kmax

Si 1.0, 7.0 µmol Si L−1 Half saturation constant for silicate(min, max)

NEMURO

V
PN
max, V

PD
max 0.8, 0.4 d−1 Maximum growth rate at 0◦C

K
PN
NH4

, K
PD
NH4

0.1, 0.3 µmol N L−1 Half saturation constant for ammonium

K
PN
NO3

, K
PD
NO3

1.0, 3.0 µmol N L−1 Half saturation constant for nitrate

K
PN
Fe , K

PD
Fe 0.08, 0.2 µmol Fe L−1 Half saturation constant for iron

K
PD
Si 6.0 µmol Si L−1 Half saturation constant for silicate

PlankTOM5

V
PN
max, V

PD
max 0.4, 0.6 d−1 Maximum growth rate at 0◦C

K
PN
PO4

, K
PD
PO4

78, 417 µmol P L−1 Half saturation constant for phosphate

K
PN
Fe , K

PD
Fe 0.04, 0.12 µmol Fe L−1 Half saturation constant for iron

K
PD
Si 4.0 µmol Si L−1 Half saturation constant for silicate

CCSM-BEC

V
PN
max, V

PD
max 0.375, 0.375 d−1 Maximum growth rate at 0◦C

K
PN
PO4

, K
PD
PO4

0.3125, 5.0 µmol P L−1 Half saturation constant for phosphate

K
PN
NH4

, K
PD
NH4

0.005, 0.08 µmol N L−1 Half saturation constant for ammonium

K
PN
NO3

, K
PD
NO3

0.5, 2.5 µmol N L−1 Half saturation constant for nitrate

K
PN
Fe , K

PD
Fe 0.06, 0.15 µmol Fe L−1 Half saturation constant for iron

K
PD
Si 1.0 µmol Si L−1 Half saturation constant for silicate

Appendix B

Definition of the relative grazing rate

We defined the specific grazing rate normalized by the phyto-
plankton concentration and the relative grazing ratio for each
zPFT (Zj ) as follows:

(Specific grazing rate)
Zj

Pi
=

 (Grazing rate)
Zj

Pi

[Pi]

 . (B1)

(Relative grazing ratio)Zj = log10

 (Specific grazing rate)
Zj

PN

(Specific grazing rate)
Zj

PD



= log10


(Grazing rate)

Zj
PN

[PN]

(Grazing rate)
Zj
PD

[PD]

 . (B2)

B1 PISCES and PlankTOM5

The grazing rates by microzooplankton (ZZ) and mesozoo-
plankton (ZM) are described as follows in PISCES and
PlankTOM5:

(Total Grazing rate)ZZ = (g
ZZ
PN

+ g
ZZ
PD

+ g
ZZ
POCS

)[ZZ], (B3)
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Table A2. Parameters for zooplankton grazing.

Parameter Value Unit Description

PISCES

G
ZZ
max, G

ZM
max 4.0, 0.7 d−1 Maximum grazing rate at 0◦C

K
ZZ
G

, K
ZM
G

20, 20 µmol C L−1 Half saturation constant for grazing

ρ
ZZ
PN

, ρ
ZZ
PD

, ρ
ZM
PN

, ρ
ZM
PD

0.5, 0.5. 0.2, 1.0 – Grazing preferences

PDmax 0.5 µmol C L−1 Maximum grazing concentration

NEMURO

G
ZM on PN
max , G

ZM on PD
max 0.1, 0.4 d−1 Maximum grazing rate at 0◦C

λZM 1.4 µmol N L−1 Ivlev constant
aZM 0.04 µmol N L−1 Threshold value for grazing

PlankTOM5

G
ZZ
max, G

ZM
max 0.92, 0.3 d−1 Maximum grazing rate at 0◦C

K
ZZ
G

, K
ZM
G

6.4, 0.26 µmol C L−1 Half saturation constant for grazing

p
ZZ
PN

, p
ZZ
PD

, p
ZM
PN

, p
ZM
PD

1.29, 0.26. 0.51, 2.54 – Grazing preferences

CCSM-BEC

G
ZGZ on PN
max , G

ZGZ on PD
max 0.34, 0.26 d−1 Maximum grazing rate at 0◦C

g 1.05 µmol C L−1 Half saturation constant for grazing

f
PD
ZGZ

0.81 – Scaling factor for grazing on diatoms

(Total Grazing rate)ZM = (g
ZM
PN

+ g
ZM
PD

+ g
ZM
ZZ

+ g
ZM
POCS

+ g
ZM
POCb

)[ZM]. (B4)

g
Zj

Pi
are specific grazing rates on a resource,i, each zooplank-

ton can graze on.

g
Zj

Pi
= G

Zj
maxf

(
Tdep

) p
Zj

Pi
[Pi]

KZj +
∑

I (p
Zj

PI
[PI ])

, (B5)

whereG
Zj
max are the maximum grazing rates,f

(
Tdep

)
is a

temperature dependency term, andKZj are the half satura-
tion constants for grazing.I denotes all the resources each

zooplankton can graze on.p
Zj

Pi
are coefficients for grazing

preferences for a resourcei, and given as constants in Plank-

TOM5 (Table A2). In PISCES,p
Zj

Pi
are functions of grazing

preferencesρ
Zj

Pi
(Table A2).

p
Zj

Pi
=

ρ
Zj

Pi∑
I ρ

Zj

PI

(B6)

The relative grazing ratio is represented as follows;

(Relative grazing ratio)ZZ = log10

 (Grazing rate)
ZZ
PN

[PN]

(Grazing rate)
ZZ
PD

[PD]



= log10

 g
ZZ
PN

[ZZ]

[PN]

g
ZZ
PD

[ZZ]

[PD]


= log10

(
p

ZZ
PN

p
ZZ
PD

)
in PlankTOM5, (B7)

= log10

(
ρ

ZZ
PN

ρ
ZZ
PD

[min(PDmax,PD)]
[PD]

)
in PISCES. (B8)

PDmax is the maximum grazing concentration for diatoms
by microzooplankton in PISCES, and given as constants (Ta-
ble A2).

(Relativegrazingratio)ZM = log10

(
p

ZM
PN

p
ZM
PD

)
in PlankTOM5, (B9)

= log10

(
ρ

ZM
PN

ρ
ZM
PD

)
in PISCES. (B10)
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B2 NEMURO

The grazing rates of mesozooplankton on nanophytoplank-
ton and diatoms are described as follows:

(Grazing rate)ZM
PN

= GZM on PN
max f (Tdep)(

1− exp(λZM (aZM − [PD]))
)
[ZM], (B11)

(Grazing rate)ZM
PD

= GZM on PD
max f (Tdep)(

1− exp(λZM (aZM − [PD]))
)
[ZM], (B12)

whereG
ZM on PN
max and G

ZM on PD
max are the maximum grazing

rates of mesozooplankton on nanophytoplankton and di-
atoms.λZM andaZM are the coefficients of the Ivlev equation.
Then, the relative grazing ratio is represented as follows:

(Relative grazing ratio)ZM

= log10

G
ZM on PN
max

(1−exp(λZM (aZM −[PN])))
[PN]

G
ZM on PD
max

(1−exp(λZM (aZM −[PD])))
[PD]

 . (B13)

Microzooplankton graze only on nanophytoplankton, and
macrozooplankton graze only on diatoms.

B3 CCSM-BEC

The grazing rates of generic zooplankton on nanophyto-
plankton and diatoms are described as follows:

(Grazing Rate)ZGZ
PN

= GZGZ on PN
max f (Tdep)(
[PN]

2

g2 + [PN]2

)
[ZGZ], (B14)

(Grazing Rate)ZGZ
PD

= GZGZ on PD
max f (Tdep)(

[PD]
2

g2f
PD
ZGZ

+ [PD]2

)
[ZGZ], (B15)

where ZGZ represents the generic zooplankton,G
ZGZ on PN
max

and G
ZGZ on PD
max are the maximum grazing rates of generic

zooplankton on nanophytoplankton and diatoms.g is a graz-
ing coefficient andf PD

ZGZ
is a scaling factor for the grazing

on diatoms. Then the relative grazing ratio is represented as
follows:

(Relative Grazing Ratio)ZGZ

= log10


G

ZGZ on PN
max

(
[PN]

g2+[PN]2

)
G

ZGZ on PD
max

(
[PD]

g2f
PD
ZGZ

+[PD]2

)
 (B16)
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