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Abstract

We compare the spatial and temporal representation of phytoplankton functional
types (pPFTs) in four different Dynamic Green Ocean Models (DGOMs; CCSM-BEC,
NEMURO, PISCES and PlankTOM5) to derived phytoplankton distributions from two
independent satellite estimates, with a particular focus on diatom distributions. Global5

annual mean surface biomass estimates for diatoms vary between 0.23 mmolCm−3

and 0.77 mmolCm−3 in the models, and are comparable to a satellite-derived esti-
mate (0.41 mmolCm−3). All models consistently simulate a higher zonal mean diatom
biomass contribution in the high latitudes than in the low latitudes, but the relative di-
atom contribution varies substantially between models with largest differences in the10

high latitudes (20 % to 100 % of total biomass). We investigate phytoplankton distribu-
tion in terms of annual and monthly mean dominance patterns, i.e. the distribution of
locations where a given PFT contributes more than 50 % to total biomass. In all models,
diatoms tend to dominate large areas of the high latitudes of both hemispheres, and the
area of the surface ocean dominated by diatoms is significantly higher in the models15

than in the satellite estimates. We estimate the realized ecological niches filled by the
dominant pPFT at each location as a function of annual mean surface nitrate concentra-
tion (NO3), sea surface temperature (SST), and mixed layer depth. A general additive
model (GAM) is used to map the probability of dominance of all pPFTs in niche and ge-
ographic space. Models tend to simulate diatom dominance over a wider temperature20

and nutrient range, whereas satellites confine diatom dominance to a narrower niche
of low-intermediate annual mean temperatures (annual mean SST< 10 ◦C), but allow
for niches in different ranges of surface NO3 concentrations. For annual mean diatom
dominance, the statistically modelled probability of dominance explains the majority of
the variance in the data (65.2–66.6 %). For the satellite estimates, the explained de-25

viance is much lower (44.6 % and 32.7 %). The differences in the representation of
diatoms among models and compared to satellite estimates highlights the need to bet-
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ter resolve phytoplankton succession and phenology in the models. This work is part
of the marine ecosystem inter-comparison project (MAREMIP).

1 Introduction

Marine ecosystems are complex ensembles of interacting species on several trophic
levels. On the lowest trophic level, phytoplankton form the base of the marine food web5

and contribute 50 % of photosynthetic activity on the Earth (Buitenhuis et al., 2013a;
Field et al., 1998). Phytoplankton activity influences the marine cycling of micro- and
macronutrients (e.g. Weber and Deutsch, 2010, 2012), and the export of organic mat-
ter generated in planktic ecosystems is a major sink of atmospheric carbon on glacial-
interglacial time-scales (Sigman and Boyle, 2000). Thus, marine ecosystems are influ-10

enced by and may feedback to climate and climate change (Doney et al., 2012).
Dynamic Green Ocean Models (DGOMs) are marine ecosystem models based on

plankton functional types (PFTs), groups of plankton carrying out a specific function in
the ocean (Le Quéré et al., 2005; Iglesias-Rodríguez et al., 2002), such as silicification
(diatoms), calcification (coccolithophores) or nitrogen fixation (e.g. Trichodesmium). At15

present, several DGOMs with varying degrees of complexity exist, and they have been
widely used to study different aspects of global biogeochemical cycles: models were
used to investigate the marine carbon (Bopp et al., 2003) and nitrogen cycles (Moore
and Doney, 2007; Moore et al., 2006), the response of marine productivity to future cli-
mate change (Steinacher et al., 2010), to simulate the response of ecosystems to iron20

fertilization (Aumont and Bopp, 2006), to study the ocean biogeochemical response
to dust input (Moore et al., 2006), the marine sulphur cycle (Le Clainche et al., 2010;
Vogt et al., 2010) or the influence of plankton biomass on the bio-optical properties of
the ocean (Mouw et al., 2012; Manizza et al., 2008). Several state-of- the-art DGOMs
are included in modern coupled climate models (Anav et al., 2013; Friedlingstein et al.,25

2006). DGOMs are also used in many regional studies, e.g. to simulate plankton dy-
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namics in the North Sea (Siddorn et al., 2007), the Arctic (Popova et al., 2012) and the
Southern Ocean (Wang and Moore, 2011).

In the past, the validation of DGOMs has proven to be difficult, as few observations
of biomass or physiological rates for the planktonic community were available (Ander-
son, 2005). In recent years, however, satellite observations (Alvain et al., 2005, 2008,5

2012; Hirata et al., 2011) and pigment estimations (Peloquin et al., 2013; Uitz et al.,
2006) as well as in situ observations of plankton abundance and biomass (Buitenhuis
et al., 2013b) have become available. Satellite estimates provide global coverage on
fine temporal and spatial scales, and are highly promising for long-term monitoring of
plankton communities. A multitude of different satellite algorithms exist, with some fo-10

cussing on single plankton groups (e.g. Balch et al., 1996; Brown and Yoder, 1994;
Iglesias-Rodríguez et al., 2002; Smyth et al., 2004; Shutler et al., 2013; Subramaniam
and Brown, 2001; Westberry and Siegel, 2006; Bracher et al., 2009; Dupouy et al.,
2011), others on size classes (e.g. reviewed in Brewin et al., 2011), and few on mut-
liple plankton functional groups (Alvain et al., 2005, 2008; Raitsos et al., 2008; Hirata15

et al., 2011).
In addition to distribution data, data on important plankton traits such as temperature

sensitivities or nutrient uptake kinetics have become available for model development
(Litchman and Klausmeier, 2008; Buitenhuis et al., 2010; Thomas et al., 2012; Edwards
et al., 2012). Thus, there is now ample data for a systematic model evaluation effort. In20

particular, it is now possible to evaluate not only the bulk properties of marine ecosys-
tem models such as surface chlorophyll a against observations and observation-based
estimates, but also distributions of individual PFTs and their ecological characteristics.

For DGOMs to be able to resolve and predict changes in ecosystem structure in ma-
rine lower trophic level ecosystems and the consequences of such changes for ocean25

biogeochemistry, models need to be able to reproduce present ecogeography, plankton
community structure, as well as the functional diversity required to resolve ecosystem
services related to global biogeochemical cycles. Thus, modellers have started to in-
vestigate not only questions of marine biogeochemistry, but also questions of marine
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ecology. For example, models were used to investigate carbon fluxes through zooplank-
ton (Buitenhuis et al., 2006, 2010), or changes in phytoplankton phenology under future
climate change (Hashioka and Yamanaka, 2007; Hashioka et al., 2009). Follows et al.
(2007) and Dutkiewicz et al. (2009) developed a model that explicitly includes species
diversity, and Barton et al. (2010) used this model to investigate global biodiversity pat-5

terns and species richness. Dutkiewicz et al. (2012) investigated the biogeography of
nitrogen fixers based on the concept of resource competition, and Cropp and Norbury
(2012) uncovered the mechanisms driving coexistence and competitive exclusion in
complex DGOMs.

The MARine Ecosystem Model Inter-comparison Project (MAREMIP) is an interna-10

tional model inter-comparison initiative that aims to foster the development of DGOMs
based on PFTs. MAREMIP attempts to identify the main physical, chemical and bi-
ological controls that determine the global marine biomas and its regional distribu-
tion, its distribution among size classes and plankton groups, organisation in biologi-
cal provinces, internal and external fluxes, variability, and resilience to change. Within15

the context of MAREMIP, Sailley et al. (2013) study the representation and grazing be-
haviour of zooplankton in four different DGOMs, and Hashioka et al. (2012) study phyto-
plankton competition and the effect of top-down vs. bottom-up control during the spring
bloom. Both find significant differences between the models in terms of the mech-
anisms controlling ecosystem structure and functioning, with important implications20

for the simulation of future marine ecosystems and their responses to environmental
change.

Here, we build upon these results and present first results on the comparison of phy-
toplankton biogeography in these models. We use the concept of the ecological niche
to understand how phytoplankton are implemented in current DGOMs (Hutchinson,25

1957; Chase and Leibold, 2003). Widely applied in terrestrial ecosystems, this con-
cept has recently inspired both marine ecosystem modellers and biological oceanog-
raphers to predict and explain the behaviour of large scale marine ecosystems (Flom-
baum et al., 2013; Irwin et al., 2012; Beaugrand and Ibanez, 2004; Beaugrand and
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Helaouët, 2008; Litchman et al., 2007). First, we compare the distribution and dom-
inance patterns of phytoplankton PFTs to patterns derived from satellite estimates.
We then identify ecological niches for the dominant phytoplankton PFTs in model and
satellite estimates based on environmental conditions such as temperature and nutri-
ent concentrations.5

2 Methods

2.1 Model description

In phase 0 of the MAREMIP project, we compare the representation of PFTs in four
DGOMs: PlankTOM5 (Buitenhuis et al., 2010), PISCES (Aumont and Bopp, 2006),
CCSM-BEC (Moore et al., 2004) and an extended version of NEMURO (Yamanaka10

et al., 2004; Kishi et al., 2007). We briefly describe the relevant features of each model
(Table 1), but refer to the indicated publications for a detailed description of the four
different models.

PlankTOM5 represents 3 phytoplankton functional types (pPFTs): silicifiers (di-
atoms), calcifiers (coccolithophores) and mixed phytoplankton (nanophytoplankton)15

and 2 zooplankton functional types (zPFTs): micro- and mesozooplankton (Buitenhuis
et al., 2010). Phytoplankton growth is limited by iron, dissolved SiO3, and a macronu-
trient (PO4). The prognostic variables for the 3 pPFTs are their total carbon biomass,
iron (Fe), chlorophyll a, and silicon content for the silicifiers. For the two size classes of
zPFTs, only the biomass is modelled. PlankTOM5 also describes 8 further dissolved20

and particulate abiotic compartments: dissolved inorganic carbon (DIC), dissolved oxy-
gen and alkalinity (ALK), semi-labile dissolved organic matter (DOM), small (organic)
and large (ballasted) sinking particles (POMs, POMl), CaCO3 and particulate SiO2.
PlankTOM5 is coupled to the NEMO physical model version 2.3 (Madec, 2008) with
a resolution of 2◦ ×0.5–2◦ and 31 depth levels, 10 of which are located in the upper25

100 m of the water column.
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PISCES represents 2 pPFTs, silicifiers and nanophytoplankton and 2 zPFTs, the
micro- and mesozooplankton (Aumont and Bopp, 2006). Calcifiers are implicitly in-
cluded as a temperature and biomass dependent fraction of nanophytoplankton. Phyto-
plankton growth is limited by Fe, dissolved SiO3, PO4, NH4 and NO3. As in PlankTOM5,
PISCES simulates the biomass, iron, chlorophyll a and silicium content of pPFTs, and5

the biomass for zPFTs. PISCES comprises 8 further dissolved and abiotic compart-
ments: DIC, dissolved oxygen, ALK, DOM, small and large POM, CaCO3 and particu-
late SiO2. PISCES is coupled to the NEMO physical model version 3.2 (Madec, 2008)
with a resolution of 2◦ ×0.5–2◦ degrees and 31 depth levels.

CCSM-BEC represents 3 pPTFs and 1 generic zPFT (Moore et al., 2004). The10

pPFTs are silicifiers, small mixed phytoplankton and N2 fixers (diazotrophs). Calcifiers
are implicitly included as a temperature and biomass dependent fraction of nanophyto-
plankton. The generic zPFT grazes on all size classes of phytoplankton, and its graz-
ing preferences adjust to the prey concentrations. As in PISCES, phytoplankton growth
is limited by Fe, SiO3, PO4, NH4 and NO3, and PFT biomasses and pPFT chloro-15

phyll a contents are simulated. CCSM-BEC comprises 7 further dissolved and abiotic
compartments: DIC, dissolved oxygen, ALK, DOM and POM, CaCO3 and particulate
SiO2. CCSM-BEC is coupled to the Community Climate System Model (CCSM-3), and
the ocean component is the 3-D Parallel Ocean Program (POP; Smith and Gent, 2004;
Collins et al., 2006). The model resolution is 3.6◦ ×0.8–1.8◦ degrees, and it has 2520

depth levels.
NEMURO simulates 2 pPFTs (silicifiers and small mixed phytoplankton) and 3 zPFT:

micro-, meso- and macrozooplankton (Kishi et al., 2007). Autotrophic and heterotrophic
calcifiers are implicitly included as a constant (10 %) fraction of nanophytoplankton and
microzooplankton, respectively. Phytoplankton growth is limited by dissolved Fe, SiO3,25

NH4 and NO3. All PFT carbon biomasses are output variables. The extended version
of NEMURO (Yamanaka et al., 2004) comprises 7 further dissolved and abiotic com-
partments: DIC, dissolved oxygen, alkalinity, DOM and POM, CaCO3, and particulate
SiO2. For MAREMIP phase 0, a simplified iron cycle was implemented in NEMURO.
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NEMURO is coupled to the COCO physical model version 3.4 (Hasumi, 2006), which
has a resolution of 1◦ ×1◦ and 54 depth levels.

All models use the NCEP-NCAR atmosphere reanalysis forcing (Kalnay et al., 1996),
but each model uses its own initialization routines. In order to conserve the widest
possible spread in simulated ecosystem dynamics, no attempts were made to homo-5

geneize model structure, parameterisation, forcing (river inputs and dust), validation or
tuning strategies. All equations describing phytoplankton growth and loss processes
are given in Hashioka et al. (2012), and a complete list of the parameters correspond-
ing to all pPFTs is given in Appendix A, Table 4. An evaluation of annual mean model
nutrients and annual and monthly chlorophyll a concentrations relevant to the niche10

speciation of the different pPFTs considered here is included in Appendix B1 and B2.

2.2 Satellite-derived PFT distributions

We use information from remote sensing on the distribution of phytoplankton from
space using two independent algorithms. The PHYSAT algorithm by Alvain et al. (2005)
identifies the dominant phytoplankton groups at any given location based on empir-15

ical relationships between chlorophyll-normalized water leaving reflectance (nLw) at
different wavelengths and phytoplankton diagnostic pigment spectra from High Per-
formance Liquid Chromatography (HPLC; Alvain et al., 2005, 2008, 2012). The al-
gorithm by Hirata et al. (2011) identifies phytoplankton groups, based on empirical
relationships between chlorophyll a and phytoplankton diagnostic pigment concentra-20

tions. Both algorithms have been validated independently with different sets of valida-
tion data. Whereas the algorithm by Alvain et al. (2005) is of qualitative nature and
indicates the most important pPFT based on differences in relative pigment concen-
tration ranges (dominance), the algorithm by Hirata et al. (2011) quantifies the relative
contribution of phytoplankton groups in three size classes to total chlorophyll a. Both25

algorithms were developed for open ocean conditions only.
The pPFTs that can be detected using the PHYSAT method (Alvain et al.,

2005) when dominant are the diatoms (silicifiers), the Synechococcus-like and
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Prochlorococcus-like picophytoplankton, eukaryotic nanoflagellates (mixed phyto-
plankton) and the two haptophyte plankton taxa of coccolithophores (calcifiers) and
Phaeocystis (DMS producers), although coccolithophore dominance is known to be
underestimated by the PHYSAT (and all other radiance-based) method(s), due to fixed
thresholds in the SeaWiFS algorithm (Alvain et al., 2008). The PHYSAT method has5

been evaluated using in situ measurements in Alvain et al. (2008, 2012), and good
agreement has been found for nanoflagellates (82 % of correct identifications of dom-
inance). The method is also reliable for diatoms (73 % of correct identification), but it
is less reliable for the detection of the two picophytoplankton classes, where 57 % of
Synechococcus and 61 % of Prochlorococcus-dominated waters samples were cor-10

rectly identified. However, for the two picophytoplankton groups, errors are mainly due
to a misattribution of the signal of one group to the other, since both groups are similar
both in signal and regional distribution (Alvain et al., 2008).

The method of Hirata et al. (2011) quantifies the relative contribution of seven pPFTs
in three size classes to total chlorophyll a: diatoms, dinoflagellates, green algae, prym-15

nesiophytes, pico-eukaryotes, pico-prokaryotes, and Prochlorococcus sp. The root
mean squared error (RMSE) in percent associated with the relative contribution to total
chlorophyll a varies depending on the pPFT, with 8.0 % for diatoms, 8.3 % for micro-
phytoplankton, 8.6 % for nanophytoplankton, and 7.1 % for picophytoplankton, with an
average of 6.0 % for all pPFTs. Here, we apply the formula given in Hirata et al. (2011)20

to gridded monthly mean SeaWiFS chlorophyll a. Note that the uncertainty in chloro-
phyll a adds an additional error component to these estimates.

2.3 Association between satellite and model PFTs

For the investigation of ecological niches, the different plankton groups detected by the
satellite have been grouped into pPFTs according to the classification of Le Quéré et al.25

(2005), and compared with the respective model pPFTs. Satellite-derived pPFTs com-
prise the silicifiers (diatoms), calcifiers (coccolithophores or prymnesiophytes), DMS
producers (Phaeocystis), and the nano- (nanoflagellates or green algae) and pico-
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phytoplankton (Prochlorococcus and Synechococcus, or Prochlorococcus, picoeukary-
otes, total picoprokaryotes, respectively). Thus, satellite diatoms have been associated
with model silicifiers, and the contributions by all small nano- and picophytoplankton
groups have been added up, and compared with modelled nanophytoplankton. For the
niche calculations, a distinction between satellite-derived nano- and picophytoplankton5

has been made.
Calcifiers (coccolithophores) have a satellite analogue in Alvain et al. (2005), al-

though coccolithophore dominance is known to be underestimated by reflectance-
based methods (Alvain et al., 2008). Coccolithophores contain the diagnostic pigment
markers hexanoyloxyfucoxanthin (Hex) and butanoyloxyfucoxanthin (But), and are thus10

included in the prymnesiophyte class determined by Hirata et al. (2011). Thus, the
satellite-derived prymnesiophyte niche (P) is assumed to contain the coccolithophore-
niche (C; in mathematical terms: P ⊂ C, but P 6= C). Other satellite estimates to detect
coccolithophore blooms exist (e.g. Balch et al., 1996; Brown and Yoder, 1994; Iglesias-
Rodríguez et al., 2002; Smyth et al., 2004; Shutler et al., 2013), but these estimates15

have not been included in the current analysis due to their focus on a single PFT, and
on bloom conditions only.

Nitrogen fixers (diazotrophs), are modelled to represent Trichodesmium in CCSM-
BEC. Trichodesmium is a filamentous, bloom-forming cyanobacteria, which has no
satellite-analogue in Alvain et al. (2005), and thus cannot be compared directly with20

this satellite estimate. However, Trichodesmium contains the diagnostic pigment zeax-
anthin, on which the empirical pico-prokaryote formulation by Hirata et al. (2011) is
based. Thus, as in the case of the calcifiers, the HPLC pigment-derived pico-prokaryote
niche by Hirata et al. (2011) is assumed to contain the Trichodesmium niche. Other
satellite estimates to detect Trichodesmium exist (e.g. Subramaniam and Brown, 2001;25

Westberry and Siegel, 2006; Bracher et al., 2009; Dupouy et al., 2011), but these es-
timates have not been included in the current analysis due to their focus on a single
PFT, and on bloom conditions only.
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2.4 Biogeochemical and environmental data

For model validation and the niche calculations, we use surface nitrate (NO3) and sil-
icate (SiO3) measurements from World Ocean Atlas (Garcia et al., 2005) and gridded
iron measurements from Aumont et al. (2006). We use sea surface temperature (SST)
from the World Ocean Atlas (2005), and mixed layer depth (MLD) from de Boyer Mon-5

tégut et al. (2004). Furthermore, we use monthly mean surface chlorophyll a from Sea-
WiFS on a 1◦ ×1◦ grid.

2.5 Data treatment

Modelled monthly mean surface data for the years 1996–2007 were projected from the
original model grids of each model onto a regular 360◦ ×180◦ grid, in order to match10

the World Ocean Atlas grid. While models have been forced with interannually vary-
ing fields, we focus our analyis on annual and monthly climatologies here. SeaWiFS
chlorophyll a and model data for the period 1996–2007 was averaged, and the monthly
averaged climatologies were used.

2.6 Definition of dominance and coexistence15

Dominance patterns of the individual pPFTs have been calculated as a function of
pPFT biomass on a monthly and annual basis, where dominance was attributed to
the pPFT constituting more than 50 % of the biomass at any given location and during
any given month or year. For Hirata et al. (2011), dominance was defined based on
the fraction of total chlorophyll a derived from the empirical relationships being larger20

than 0.5. Since dominance in Alvain et al. (2005) is based on ranges and thresholds
of relative pigment concentrations and the corresponding nLw signal at different wave-
lengths, no absolute biomass fraction corresponding to this definition of dominance can
be indicated. Coexistence was defined as a state in which several pPFTs contribute to
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total biomass simultaneously, but no single group contributed more than 50 % to total
biomass.

Dominance was chosen as a metric for model inter-comparison, since this allowed
the inter-comparison of models with both satellite estimates simultaneously. Further-
more, in most models, PFTs are numerically prevented from going extinct, and low5

concentrations of all pPFTs are present at all times. While this may be the case also in
natural marine ecosystems (Baas Becking, 1934), we found that the relative biomass
proportions of different PFTs are still highly uncertain in models, whereas dominance
patterns are more consistently modelled (see e.g. Sect. 3.1 below).

2.7 Definition of niche space10

The full range of environmental conditions under which an organism prospers de-
scribes its fundamental ecological niche (Hutchinson, 1957). The so-called realized
ecological niche is smaller than the fundamental niche, and is a result of pressure
from, and interactions with, other organisms in the marine environment. Here, we as-
sess a proxy of realized ecological niche space, based on dominance patterns of the15

different pPFTs under different environmental conditions. Ecological niche space was
defined as the hypervolume spanned by independent factors limiting phytoplankton
growth. We chose surface NO3 concentration, MLD and SST to be the axes of a 3-
dimensional niche (sub-)space, because models parameterize pPFT growth as

µ(x ,y ,z, t)Pi = µPi
maxLnutf (T )f (I) (1)20

where µ is the current specific growth rate (1/d) of any given pPFT Pi at a certain
location (x, y,z, t), and it is a product of the maximal growth rate µmax, a nutrient lim-
itation term Lnut, which is often parameterized as the minimum of several Michaelis–
Menten functions (Michaelis and Menten, 1913), a temperature term f (T ), often in the
form of a Q10 function (Eppley, 1972) and a light harvesting function f (I) which con-25

tains a parameterisation of carbon uptake during photosynthesis (e.g. Geider et al.,
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1998). Annual mean MLD serves as a proxy for the solar radiation dose received by
the different pPFTs, despite the fact that variations in MLD also correlate with variations
in nutrient, temperature, chlorophyll and biomass conditions. Because we only study
the surface distribution of pPFTs, we use SST to calculate the temperature niche. We
base our niche calculation on global concentrations of NO3. Niches based on surface5

PO4 and SiO3 have also been investigated, but the strong collinearity between these
macronutrients leads to similar patterns to those based on NO3 (data not shown). Iron
has been shown to be important for phytoplankton distribution patterns in HNLC re-
gions (Martin, 1990; Martin et al., 1994), but due to the limited availability of observed
iron concentration data for comparison with the model fields (Tagliabue et al., 2012;10

Dutkiewicz et al., 2012) we limit the niche analysis to macronutrient availability. In this
initial analysis, we neglect loss processes such as grazing by zooplankton and dif-
ferences in mortality, which could also affect seasonal succession patterns and niche
characteristics (Hashioka et al., 2012).

2.8 Niche characterisation using a general additive model15

We use Generalized Additive Models (GAMs; Weber, 2006) to characterise the real-
ized niches of each pPFT within both the DGOMs and the satellite observations, and
to extract broad-scale patterns. GAMs are a statistical modelling technique that de-
scribe a response variable as an additive linear function of several predictor variables.
However, unlike traditional “straight-line” regression approaches, GAMs can represent20

the response using non-parametric spline smoothing functions. Furthermore, the re-
sponse is not limited to the assumption of a Gaussian error structure, as in more tradi-
tional approaches: Binomial, Poisson, Negative Bionomial and, in this case, Bernoulli
observation models, amongst others, can also be considered.

Here we apply GAMs as a data exploration and simplification technique to ex-25

plore niche-space and characterise the probability of an individual pPFT in a given
DGOM/satellite being dominant under a specified set of environmental conditions. As
mentioned above, dominance at pixel i , Di , was defined as a pPFT constituting more
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than 50 % of total annual mean biomass for each pixel. The observed dominance was
then modelled as follows:

Di ∼ Bernoulli (πi ) (2)

logit (πi ) = te
(
NO3i ,SSTi ,MLDi

)
(3)

5

where Di is the dominance of the pPFT in question (coded as 1/0), NO3i , SSTi , and
MLDi are surface NO3, SST, and MLD, respectively at pixel i , and πi is the modelled
probability of the pPFT being dominant. A logit function is used to map (“link”) the
linear predictor, a three-dimensional tensor-product spline-smoother with a cubic basis
function, te(. . .) (Wood 2006) and a domain on the real number line i.e. [−∞,∞], to the10

modelled probability πi (domain [0,1]). The dominance “observations” are assumed to
exhibit a Bernoulli distribution about the expected probability πi .

The quality of the GAM fit, and thereby its ability to characterise the niche, was quan-
tified based on the “explained deviance” statistic: this statistic can be best understood
as an analog of the coefficient of determination (R2) in linear-regression, which is often15

interpreted as the proportion of variance explained.
GAM models were fitted for each pPFT within each DGOM/satellite data set. In cases

where there were more than two pPFTs, cohabitation at similar biomass levels (i.e. no
group more than 50 %) was also added as a possible outcome, and therefore a GAM
was fitted accordingly to determine the probability of this occurence. The fitted GAMs20

for each outcome were then evaluated in niche space and the most likely dominant
group determined. Finally, the fitted dominance probabilities were mapped back into
geographical space to allow visual comparisons.
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3 Results

3.1 Global and zonal annual mean surface biomass distributions of different
pPFTs

Area-weighted global annual mean surface biomass concentrations for the simulated
pPFTs reveal differences between models in how biomass is partitioned into the dif-5

ferent autotrophic PFTs (Table 2). While NEMURO simulates diatom biomass to be
larger than nanophytoplankton biomass, CCSM-BEC, PlankTOM5 and PISCES project
nanophytoplankton to constitute the largest fraction of autotrophic biomass. Based on
the relative fractions of chlorophyll a for different pPFTs in Hirata et al. (2011), we com-
pute their carbon equivalent using average carbon conversion factors for diatoms and10

small phytoplankton from the literature (Diatoms: 50 gC(gchl)−1; small phytoplankton:
125 gC(gChl)−1; Sathyendranath et al., 2009, and references therein) for a comparison
of the ratio between diatom and nanophytoplankton biomass. PlankTOM5 has a diatom
to nanophytoplankton biomass ratio (D : N ratio) lower than that of the satellite, and all
other models simulate a higher D : N ratio in terms of carbon biomass (Table 2). In15

PlankTOM5, coccolithophore biomass is of equal magnitude to diatom biomass, but
the satellite estimates prymnesiophyte biomass to be less than one fourth of diatom
biomass. Diazotroph biomass in CCSM-BEC is one order of magnitude smaller than
the biomass of the other two pPFTs.

We compare the relative contribution of the different pPFTs to total zonal annual20

mean surface biomass, as simulated by the four models to the carbon-converted
satellite-based averages from Hirata et al. (2011)(Fig. 1). All models show a high frac-
tion of diatoms in the high latitudes, and lower concentrations in the lower latitudes
(Fig. 1a–d). On average, PlankTOM5 simulates the smallest, and NEMURO the high-
est fraction of diatoms in terms of total biomass (Table 2). PlankTOM5 simulates a high25

fraction of coccolithophores in the Tropics and Subtropics (up to 40 % of total biomass),
where CCSM-BEC predicts a modest fraction of diazotrophs (< 6 % of biomass). A di-
rect comparison between modelled Trichodesmium and the satellite-derived estimates
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is not possible, since they do not quantify this group explicitly. In the low latitudes,
satellite-based estimates of biomass are dominated by the pico- and nanophytoplank-
ton size class (Fig. 1e), with a high fraction of green algae and pico-prokaryotes, which
constitute a fairly constant fraction of biomass at all latitudes (not shown). The closest
satellite equivalent to the coccolithophores, the prymnesiophytes, contributes less than5

12 % to total satellite-derived carbon in the temperate latitutes of the Northern Hemi-
sphere (NH). Compared to Hirata et al. (2011), models tend to overestimate the relative
contribution of diatoms to annual mean surface biomass (Fig. 1e).

3.2 Annual mean dominance patterns

Figure 2 shows the simulated dominance patterns for annual mean biomass of the10

four models, as compared to the chlorophyll-based annual mean dominance patterns
detected by Alvain et al. (2005) and Hirata et al. (2011). All models simulate diatom
dominance in the high latitudes, and mixed phytoplankton dominance in the temperate
and low latitudes. However, models appear to overestimate the area of annual mean
diatom dominance, both in the Southern Ocean and in the Arctic when compared to15

the two satellite estimates.
Coccolithophores in PlankTOM5 dominate at locations where pico- and nanophyto-

plankton dominance is detected by the satellites. In both satellite estimates, coccol-
ithophore dominance is rare on the annual mean. The Hirata et al. (2011) algorithm
predicts large areas in the NH where none of the individual pPFTs constitutes more20

than 50 % of total biomass (Fig. 2e; areas designated by “coex”). Areas of coexistence
in PlankTOM5 agree with those of Hirata et al. (2011), but coexistence is less wide
spread in the model, also due to the comparatively low number of pPFTs included in
these models. Diazotrophs do not dominate the annual mean biomass in CCSM-BEC.
However, they constitute a small fraction of biomass in the Tropics and Subtropics. Ta-25

ble 3 summarises the fraction of grid cells where a pPFT is dominant on an annual
mean in both numerical and satellite models.
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3.3 Monthly dominance patterns

Annual mean dominance patterns are most revealing in regions that have a low sea-
sonality and good coverage. Neither is the case for high latitude regions: biomass in-
creases exponentially in phytoplankton blooms during the short summer months when
light conditions permit growth, and satellites do not observe the high latitudes during5

the winter months. We show here the dominance patterns for four selected months
(December, March, June and September), to get a better understanding of seasonal
ecosystem dynamics in the bloom regions (Fig. 3). A seasonal cycle is clearly visible
in the observations and, to a lesser degree, in the models.

In December, all models show a high abundance of diatom dominated grid cells10

in the Southern Ocean, consistent with observations. In the NH, all models except
for PISCES predict diatoms to dominate total biomass in the Arctic Ocean and parts
of the temperate latitudes, where total biomass is low during this month. Since the
satellites do not detect phytoplankton patterns in the high latitudes of the NH during
those months due to the low light conditions, we cannot validate model simulations in15

those areas.
In March, diatom dominated areas in the Southern Ocean decrease in all models

except for PlankTOM5, where diatom dominance spreads. Models simulated an in-
crease of diatom dominated areas in the NH, where both satellite methods predom-
inantly detect nanophytoplankton dominance. Coccolithophore dominance in Plank-20

TOM5 is highest in March, but the boundaries of coccolithophore dominated areas
do not shift significantly over the year. Coccolithophores in PlankTOM5 tend to inhabit
niches where satellite estimates detect pico- (Alvain et al., 2005) or pico- and nanophy-
toplankton dominance (Hirata et al., 2011). Thus, simulated coccolithophores tend to
inhabit niches that are dominated by plankton types of a similar or smaller size class in25

satellite estimates.
In June, diatom dominated areas in the NH are shrinking in some models (NEMURO,

CCSM-BEC), but still expanding in others (PlankTOM5, PISCES). This indicates that
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models differ in the simulation of phytoplankton succession during the spring bloom,
both in terms of the relative biomass fraction attributed to this group, and also in terms
of the timing of the spring bloom (see e.g. Hashioka et al., 2012). The large areas
of diatom dominance in the Southern Hemisphere (SH) in CCSM-BEC and NEMURO
occur at very low biomasses, as these models predict diatoms to constitute a large5

fraction of biomass also in the SH winter, which contributes to the SH biomass pattern
in Fig. 1.

In September, all models show areas with diatom dominance in the Arctic, and sev-
eral models predict increased areas of diatom dominance along the coasts and in up-
welling areas of the SH. Satellite estimates detect small areas of diatom dominance in10

the North Pacific and the Southern Ocean and the continental coasts. However, neither
the method of Alvain et al. (2008) nor the one by Hirata et al. (2011) was constructed
for a correct identification of phytoplankton pattern in coastal and upwelling areas with
high chlorophyll a concentrations.

Diazotrophs in CCSM-BEC do not dominate total biomass during any given month,15

and are thus not represented in Fig. 3. As in Fig. 2, the algorithm by Hirata et al. (2011)
identifies extended regions where none of the detected pPFTs constitutes more than
50 % of biomass. In June and September, large areas of the NH are not dominated
by any single pPFT (Fig. 3). While the cohabitation of more than 2 pPFTs with equally
high contributions to biomass is possible both in PlankTOM5 and in CCSM-BEC, these20

models rarely simulate an equal biomass distribution among pPFTs (Fig. 3).

3.4 Ecological niches of the dominant pPFTs: NO3, SST and MLD

We use the GAM described above (Sect. 2.8) to characterise the dominance niches
for each model and pPFT as a function of NO3 concentration and SST (Fig. 4). The
GAM explained the majority of the variability (deviance) in the simulated dominance25

patterns (typically around 65–70 % on average) for the models, but it performs less
well for the two satellite estimates (around 40 % of deviance explained on average).
Exploratory analyses (Appendix C) suggested that although the effect of MLD was
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statistically significant, the “added-value” (in terms of addition explained deviance) of
included MLD in the GAM model was relatively minor for the four models (5–10 % gain
in explained deviance; Fig. 7), possibly also because MLD is highly correlated with
SST and NO3. In order to simplify visualisation and interpretation, the remainder of this
analysis is therefore performed with the two variables, SST and NO3, that explain the5

largest proportion of the deviance.
There are several general patterns that are consistent between models. For all mod-

els, the GAM predicts diatom dominance at low temperatures and high NO3 concentra-
tions (Fig. 4a–d). Models simulate diatom dominance for a wider range of environmen-
tal conditions (Fig. 2), but the simulated diatom niches are constrained to a tight range10

of environmental conditions for the two satellites. For diatom dominance, the statisti-
cally modelled probability based on annual mean NO3 concentration and SST explains
the majority of the variance (65.2–66.6 % of deviance explained). For the satellite esti-
mates, the deviance explained is much lower (44.6 % and 32.7 % for Alvain et al., 2008
and Hirata et al., 2011, respectively). On annual time scales, modelled diatom dom-15

inance is correlated more strongly with annual mean environmental conditions than
satellite-derived diatom dominance.

Consistent with expectations for nanophytoplankton, the GAM predicts its dominance
over a wide range of temperatures and nutrient concentrations for all models (Fig. 4).
In addition, satellites resolve the distinction between nano- and picophytoplankton, two20

size classes that are not distiguished in the models. Coexistence, defined as the area
in niche space where none of the pPFTs comprises more than 50 % of biomass, rather
than dominance is wide-spead in Hirata et al. (2011), cannot be detected in Alvain
et al. (2005) nor simulated in PISCES and NEMURO, and is rare in PlankTOM5 and,
by model construction, in CCSM-BEC (low total diazotroph biomass; see Fig. 2).25

For PlankTOM5, the GAM predicts a narrow niche for diatom dominance at low tem-
peratures and high nutrient concentrations (Fig. 4a). The diatom niche is divided into
two sub-clusters, each describing one hemisphere. PlankTOM5 simulates an extended
region in niche space to be dominated by coccolithophores, (Fig. 2, Fig. 4), but prym-

17212

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/17193/2013/bgd-10-17193-2013-print.pdf
http://www.biogeosciences-discuss.net/10/17193/2013/bgd-10-17193-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 17193–17247, 2013

Distribution,
dominance and

ecological niches of
PFTs

M. Vogt et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

nesiophyte dominance on the annual mean is rare according to the two satellites. In
PlankTOM5, coccolithophores tend to inhabit niches that are characteristic of pico-
phytoplankton (Prochlorococcus and Synechococcus-like phytoplankton, Fig. 2) in the
satellite estimates.

PISCES shows a considerable fraction of pixels dominated by diatoms on the an-5

nual mean, both for the NH and the SH (Fig. 2). In niche space, the GAM predicts
diatoms to populate a wide range of low-intermediate nutrient concentrations, and low-
intermediate temperatures. PISCES is the only model where diatoms are consistently
dominant in most upwelling regions (Agulhas, Western Boundary Current Systems),
which is explained by the sub-niche of diatoms at intermediate-high nutrient concen-10

trations.
CCSM-BEC simulates a large area of diatom dominance in the Southern Ocean

and the Arctic Ocean (Fig. 2). Both diatom and nanophytoplankton dominate niches
are characterised by a wide range of nutrient concentrations and temperatures, but di-
atoms dominate at lower temperatures and higher nutrient concentrations. Diazotrophs15

never dominate on the annual mean, but occur at high temperatures (> 20 ◦C), and at
intermediate nutrient concentrations. A comparison with Fig. 1 shows, that the niche
representation of this pPFT is fairly consistent with the niches of satellite-derived pico-
phytoplankton.

For NEMURO’s ecosystem, the GAM derives two distinct niches for the dominance20

of diatoms and nanophytoplankton (Fig. 4c). Diatoms dominate the entire South-
ern Ocean ecosystem, and are abundantly dominant in the Arctic and temperate
NH Oceans (Fig. 2). They can dominate over a wide range of temperatures and at
intermediate-high NO3 concentrations. As in the other models, nanophytoplankton
dominate in regions with low nutrient concentrations and intermediate-high tempera-25

tures.
Since the deviance explained by the GAM is relatively low for the satellites (Ap-

pendix C, Fig. 7), other factors than those investigated here control a significant frac-
tion of the variability in the dominance patterns. However, for both satellites, diatoms
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dominate at low to intermediate temperatures, but at variable and differing nutrient
concentrations (Fig. 4e and f). In Alvain et al. (2008), diatoms dominate niche space
where nutrient concentrations are high ([NO3]> 10 mmolm−3), and annual mean tem-
peratures are low (SST< 0 ◦C), i.e. close to the Antarctic continent (Fig. 4e). In Hirata
et al. (2011), diatoms inhabit their largest niche at low nutrient concentrations and low5

to intermediate SSTs (Fig. 2). This niche is located in the North Pacific, where Alvain
et al. (2005) detect nanophytoplankton dominance.

In both satellite algorithms, nanophytoplankton occupy a large area in niche space,
and they are found at a wide range of MLDs, SSTs and NO3 concentrations. Fur-
thermore, picophytoplankton dominate at high SSTs and low nutrient concentrations.10

Wheras picophytoplankton dominance is separated from nanophytoplankton domi-
nance by differences in SST only in Alvain et al. (2005), picophytoplankton domi-
nance is confined to a low NO3 and high SST niche in Hirata et al. (2011). Coccol-
ithophore/Haptophyte dominance detected by the satellites is rare, which is why the
GAM does not model a sizeable niche for this group.15

3.5 Spatial probability patterns for the dominance of diatoms

We now apply the GAM to determine the probability of pPFT dominance on the global
scale. Here, we only show the probability of diatom dominance for both model and
satellite estimates, since models and satellite differ most in the representation of this
group (Fig. 5). Models predict a high probability of diatom dominance in the high lati-20

tudes, and a low probability in the low latitudes. Satellite estimates predict a low prob-
ability for dominance of diatoms on the annual mean almost everywhere. The results
of the statistical model are consistent with our findings in Figs. 2 and 3. In the annual
mean, models and satellite estimates do not agree on the extent of diatom dominance
in the high latitudes of both hemispheres.25
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4 Discussion

Current Dynamic Green Ocean Models simulate 2–3 pPFTs, and all have at least two
common size classes: large diatoms and a group of small mixed phytoplankton. In
contrast to models, satellite pPFTs divide the small size class into nano- and picophy-
toplankton, and a varying number of subgroups. Given that neither nanophytoplankton5

nor picophytoplankton have been associated with a specific biogeochemical function
except for their contribution to background NPP and export (Le Quéré et al., 2005) and
that their N : P ratios are often fixed to the Redfield ratio, the DGOMs analysed here
are left with only one common pPFT that acts differentially on the elemental cycles of
several nutrients and other chemical compounds: the silicifiers (diatoms), which use10

silicate and contribute significantly to high latitude productivity and export (Buesseler,
1998; Goldman, 1993). Recent model studies suggest that the differential uptake of
NO3 and PO4, as well as between pPFT differences in cellular N : P ratios are crucial
for our understanding of the nitrogen cycle (Weber and Deutsch, 2010, 2012). There-
fore, either a more flexible plankton stoichiometry or a sub-division of the small phyto-15

plankton group into calcifiers, nitrogen fixers, DMS producers etc. would be desirable
(Le Quéré et al., 2005). However, two of the models studied here already include an
explicit representation of calcifiers or nitrogen fixers, and all models contain an implicit
representation of calcifiers as a fraction of nanophytoplankton, thus advancing model
development in this regard.20

4.1 Biomass distribution and dominance patterns

A critical look at the annual and monthly mean dominance patterns and the global
and zonal mean surface biomass estimates presented in Sect. 3.1 suggests that the
discrepancy between simulated and satellite-based relative extent of diatom and non-
diatom dominated areas for the global ocean may raise important questions (Figs. 225

and 3). In the satellite estimates, pPFTs pertaining to the small phytoplankton size
class appear to dominate most ocean regions (Figs. 2–4), yet diatom dominance is

17215

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/17193/2013/bgd-10-17193-2013-print.pdf
http://www.biogeosciences-discuss.net/10/17193/2013/bgd-10-17193-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 17193–17247, 2013

Distribution,
dominance and

ecological niches of
PFTs

M. Vogt et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

common in the models. The discrepancy in diatom dominance and biomass between
models and satellites could be due to several factors:

On the one hand, models may overestimate diatom dominance and biomass. Such
an overestimation of diatom biomass would have consequences for our understand-
ing of carbon export in marine systems, since modelled export ratios are often tighly5

coupled to patterns of relative diatom abundance (Laufkötter et al., 2013; Lima et al.,
2013). Globally, diatoms have been estimated to contribute around 50 % to the ex-
port of particulate organic carbon, based on a comparison with diagnosed opal fluxes
(Buesseler, 1998; Jin et al., 2006; Sarmiento and Gruber, 2006). Since diatoms tend to
dominate model export in current DGOMs, this suggests that the mechanisms and the10

time scales on which annual export is generated should be revisited (Laufkötter et al.,
2013; Lima et al., 2013). If satellite estimates of diatom biomass and diatom domi-
nance are realistic, then a large proportion of total annual export should be generated
on short time scales, ie. during the spring bloom or during episodic export events, or by
non-dominant groups. As models simulate diatoms to constitute a significant fraction of15

total biomass and export all year round (Bopp et al., 2005), total annual export is gen-
erated throughout the year, rather than during a few months only. Preliminary analyses
show that export production in the models is proportional to NPP, and thus generated
over the time period of several months, rather than during short blooming events (Char-
lotte Laufkötter, personal communication, 2013). A subsequent study should focus on20

the inter-comparison of plankton and export seasonality.
On the other hand, current satellite estimates may underestimate the biomass contri-

bution and/or dominance of diatoms in the surface ocean. Previous studies have shown
that since diatoms distribution can be highly variable in space and time, they are un-
derestimated in PHYSAT when data were averaged on monthly and longer time scales25

(Alvain et al., 2008). The validation of diatoms with monthly data showed 54 % of cor-
rect identification, but agreement with in situ data was much better when daily data
were used (73 % of correct identifications). Similarly, while Hirata et al. (2011) predict
a substantial fraction of diatoms in the temperate and high latitudes, this fraction could
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be underestimated since empirical relationships were applied to monthly and annual
mean chlorophyll a. Spatial averaging into 1◦ bins may also lead to an underestimation
of patchy diatom distributions.

Alternatively, diatoms could dominate at deeper depths than the penetration depth
of the satellites (Gordon and McCluney, 1975). The model-data misfit could thus be5

due to models consistently simulating diatom dominance in too shallow waters. How-
ever, preliminary results from Peloquin et al. (2013) suggest that fucoxanthin concentra-
tions, indicative of diatom presence, are highest in the upper 30 m of the water column
at almost all latitudes. This is confirmed by in situ oberservations of diatom biomass
(Leblanc et al., 2012). Thus, errors in simulated vertical ecosystem structure are un-10

likely to explain the differences between models and satellites.
Last but not least, diatoms could produce the majority of export despite the fact that

their annual mean biomass is smaller than expected. This is supported by some obser-
vational evidence that find that diatoms dominate export also in regions where other
plankton groups are quantitatively more important (e.g. Nelson and Brzezinski, 1997).15

It is conceivable that important biogeochemical processes are predominantly carried
out by rare species and not by the groups that dominate an ecoystem at any given
time, but at present few DGOMs allow for the quantification of such effects. A quantita-
tive investigation of the relative biomass fractions of all PFTs and their link to patterns
of biogeochemically relevant ecosystem functions based on observational data would20

be desirable, but co-located data is still limited on the global scale (Buitenhuis et al.,
2013b).

Other important biogeochemical functions, such as DMS production or calcification,
seem to be carried out by pPFTs that the satellite models detect to be groups that
are either rare in terms of the extension of spatial dominance, or dominant only during25

short times (Phaeocystis, coccolithophores). If satellite estimates are reliable, a better
representation of bloom dynamics and phytoplankton succession may be necessary in
order to resolve the level of complexity required to represent all processes important
for ocean biogeochemistry. The timing and magnitude of the bloom, relative abundance
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of diatoms and nanophytoplankton at the bloom maximum, and the relation between
top-down and bottom-up processes has recently been discussed in detail in Hashioka
et al. (2012) for the same set of MAREMIP phase 0 models. Diatoms have been found
to be important contributors to biomass at the bloom maximum, with a contribution of
> 70 % to total biomass in three out of the four models. However, mechanisms that con-5

trolled diatom dominance during the bloom differed widely among models. In particular,
the relative importance between top-down (grazer-mediated) and bottom-up processes
were widely different between models. In order to better understand phytoplankton dy-
namics and competition during blooms, the quantification of biogeochemical function
and species interactions on temporal scales shorter than one month is necessary. In10

addition, it is crucial to constrain the controls of the higher tropic levels with experimen-
tal data (Sailley et al., 2013).

4.2 Modelled ecological niches of phytoplankton PFTs

Models clearly simulate different ecological niches for the dominance of the different
pPFTs that they represent. In particular, the diatom niche tends to be separated from15

the niche of the smaller-sized phytoplankton by lower temperature values and higher
nutrient concentrations. In contrast to the satellite estimates, diatoms in models are
found to be dominant on the annual mean at a wide range of MLDs. This is mostly
due to the fact that models simulate diatom dominance in more months of the year
than satellites (Bopp et al., 2005). In combination with the findings of Hashioka et al.20

(2012), the patterns in Figs. 4 and 5 suggest that the mismatch between model and
satellite estimates of the diatom niche may be due to a poor representation of bloom
dynamics and phytoplankton succession in the models: while models tend to simulate
a variable but significant fraction of diatoms during the bloom maximum consistent
with observation, diatoms tend to stay important throughout the year rather than being25

succeeded by other pPFTs (Bopp et al., 2005). This suggests that the representation
of phytoplankton phenology needs to be improved in the models.
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Coccolithophores dominate in parts of the low latitudes in PlankTOM5, and their
modelled niche is inhabited by picophytoplankton in the satellite-based estimates we in-
vestigated. Both these and other remote sensing algorithms (Iglesias-Rodríguez et al.,
2002; Balch et al., 2005; Moore et al., 2012) detect coccolithophore blooms mostly
in temperate and high latitude environments, where modelled coccolithophores are5

outcompeted by the other pPFTs. Given that coccolithophore occurence is known to
be under-estimated by the satellites (Alvain et al., 2008), coccolithophore dominance
may be more wide-spread, and their niche wider. A recent in situ data compilation
shows that coccolithophore biomass is highest in temperate latitudes, and not in the
Subtropics (O’Brien et al., 2013), but tends to be low compared to the biomass of other10

pPFTs in the annual mean (Buitenhuis et al., 2013b), so dominance may be rare during
non-blooming conditions. Thus, dominance patterns may be poor predictors of coccol-
ithophore ecology and its implications for ocean biogeochemistry outside the bloom
regime or on longer time scales. However, none of the models simulates an explicit
picophytoplankton class, and the congruence of the simulated coccolithophore and the15

satellite-derived picophytoplankton niche highlights that coccolithophores are the PFT
closest in physiology to this class, which is consistent with its parameterisation (see
Appendix A).

Diazotrophs in CCSM-BEC have been modelled after Trichodesmium, a filamentous
cyanobacterium. At present, neither Alvain et al. (2005) nor Hirata et al. (2011) rep-20

resent a satellite group that could be compared directly to this pPFT. Diazotrophs are
never dominant in the annual mean, but occur at high temperatures, shallow MLDs
and low nutrient concentrations (Luo et al., 2013, 2012). Thus, their (presence) niche
is occupied by the picophytoplankton size class in both satellite estimates. Recent
studies identify iron as one of the most important explanatory variables for diazotroph25

occurence (Moore et al., 2002; Dutkiewicz et al., 2012), along with oxygen, solar ra-
diation and temperature (Luo et al., 2013). Since iron is not included in this analysis,
our study is unlikely to accurately predict the diazotroph niches using SST, NO3 and
MLD as the only predictor variables. A direct inter-comparison between modelled and
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observed biomass and distribution patterns for this taxon will shed more light on the
factors controlling the position and extent of their ecological niche (Luo et al., 2013,
Brun et al., 2013).

4.3 Caveats of this study

This study attempts to quantitatively and qualitatively compare ecological properties of5

the four DGOMs participating in MAREMIP phase 0 beyond the evaluation of chloro-
phyll a patterns only. Such studies still suffer from the fact that in parallel to the increase
of independent sources of validation data such as the pPFT distribution from space
used here (Alvain et al., 2005; Hirata et al., 2011), suitable metrics to quantify model-
data fit for ecological properties still need to be developed. Thus, there are several10

caveats that need to be borne in mind when interpreting our results:
Firstly, in this initial study, we use annual and monthly mean environmental condi-

tions to characterize the distribution and dominance patterns of the modelled phyto-
plankton community, aggregated onto a coarse 1◦×1◦ grid. While such an aggregation
will capture north–south gradients and large scale patterns, we are unable to char-15

acterize interannual variability, seasonal succession patterns, bloom events or areas
with large spatial heterogeneiety. However, the temporal averaging of highly variable
biological data onto longer time intervals has been shown to decrease the accuracy of
the satellite estimates (Alvain et al., 2008). Thus, an investigation of daily and weekly
time scales would lead to a better quantification of the respective phytoplankton niches.20

Similarly, phytoplankton composition has been shown to vary significantly on interan-
nual to decadal time scales due to changes in climate (e.g. Alvain et al., 2013) or during
ENSO cycles (e.g. Alvain et al., 2008; Masotti et al., 2011). Hence, the study of interan-
nual variability in dominance patterns might lead to a more robust identification of the
drivers of phytoplankton biogeography. However, for the latter applications, high reso-25

lution global scale co-located nutrient, light and temperature data would be required.
Similar arguments holds for the aggregation of data onto a coarse spatial grid.
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Secondly, while their coverage has been improved in recent years, some key vari-
ables such as iron are still unavailable for a large fraction of the globe (Tagliabue et al.,
2012). Thus, iron has been excluded as a predictor variable for the ecological niches of
different pPFTs in this study, even though iron availability has been suggested to con-
trol diazotroph distributions (Moore et al., 2002; Dutkiewicz et al., 2012). Modelled iron5

fields are available, but their agreement with existing data is poor (see Appendix B1).
However, here we show that large scale, latitudinal patterns of simulated pPFTs can be
explained to a high degree by few predictor variables. The deviance explained by our
GAM is considerably lower for the satellite estimates, though, and a larger set of pre-
dictor variables increases the deviance explained more significantly for satellites than10

for most models.
Thirdly, the inter-comparison of models with pPFTs from space remains challenging

due to a mismatch between the detected classes, and since both models and satel-
lites use a mix of classes defined based on size, and those based on biogeochemi-
cal function. Marine ecosystem modellers need to rigorously and iteratively question15

their definition of functional groups, and inform the remote sensing community about
their changing data requirements. Our analysis uses dominance patterns as smallest
common denominator between model and satellite estimates, but the validation of the
relative fraction of biomass with co-located in situ measurements would be a better
estimator of ecosystem structure and functioning (Buitenhuis et al., 2013b). In partic-20

ular, dominance patterns are unsuitable to quantify ecosystem services provided by
marine ecosystems, such as global export production or nitrogen fixation. The pub-
lication of the MAREDAT global atlas of plankton funtional types (ESSD Special Is-
sue, http://www.earth-syst-sci-data-discuss.net/special_issue9.html; Buitenhuis et al.,
2013b), and the release of a global database on phytoplankton pigments (Peloquin25

et al., 2013) will allow for a more comprehensive model validation with in situ data, and
it will assist the improvement of satellite algorithms. Improved remote sensing obser-
vations and algorithms that allow for more direct determination of PFT abundances will
be essential for ecosystem monitoring and the detection of future change in the surface
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ocean. Beyond that, the comparison of modelled ecosystem composition with depth-
resolved data is desirable (e.g. Peloquin et al., 2013), since surface data does not
represent plankton community structure and functioning to its full extent (e.g. Follows
et al., 2007).

5 Summary and conclusions5

Here, we present a first analysis of surface pPFT distributions simulated by four
DGOMs, as compared to two independent satellite estimates. Models simulate con-
sistent annual mean patterns in nanophytoplankton distribution (abundant) and niche
characteristics (wide), but disagree with satellite estimates on the extension of diatom
dominance (rare) and the width of the diatom niche (narrow). Our study shows that the10

role of diatoms in terms of biomass contribution and diatom seasonality needs to be
investigated in future studies.

At present, DGOMs do not simulate a large number of biogeochemically active
pPFTs explicitly. The inclusion of further PFTs (Le Quéré et al., 2005), however, must
go hand in hand with a quantificative estimate of the trade-off between model accuracy15

and model predictability (Anderson, 2005). The use of suitable skill metrics developed
for the validation of pPFT biomass and distribution patterns, as well as their ecological
roles is a crucial step in this regard (Doney et al., 2009; Stow et al., 2009). Skill met-
rics need to be expanded to include more aspects of marine ecosystem dynamics and
functioning. Such metrics should include measures to quantify relative and absolute20

biomass fractions, functional diversity, interannual variability, phytoplankton phenology
(Hashioka et al., 2012) and succession patterns, the role of higher trophic levels (Sail-
ley et al., 2013), as well as ecosystem services specified by the biogeochemical and
ecological function of simulated groups.

In addition, future models should include a representation of mechanisms that allow25

for a larger plasticity of the PFTs that are modelled. Trait-based models and mod-
els with self-assembling communites may prove useful in this regard (Follows et al.,
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2007; Bruggeman and Kooijman, 2007). In order to simulate realistic plankton com-
munities, we must exploit the wealth of new data that is available (Buitenhuis et al.,
2013b; Thomas et al., 2012; Edwards et al., 2012; Barton et al., 2013), and incorpo-
rate findings from theoretical ecology to widen our ecological understanding of food
web dynamics (Sailley et al., 2013) and ecosystem functioning. Only then will our mod-5

els be able to quantify the impacts of future changes for marine ecosystems, and their
response to climate change.

Appendix A

Model parameters

All model parameters describing phytoplankton growth in PlankTOM5, PISCES,10

CCSM-BEC and NEMURO are given in Table 4 below.

Appendix B

Model validation

B1 Physical variables and nutrient concentrations

All models simulate annual mean surface PO4 and NO3 concentrations with Pear-15

son correlation coefficients (ρ) > 0.9 and standard deviations (σD) close to the ob-
servational value (0.72 mmol L−1 and 7.62 mmol L−1, respectively). The RMSE is low
(ca. 1

3 of the mean). Correlation coefficients for simulated annual surface SiO3 are
lower (ρ = 0.74–0.92), with only NEMURO and CCSM showing ρ > 0.9. In addition,
the standard deviations in SiO3 concentrations tend to be over- (PISCES, CCSM-BEC20

and NEMURO; range: σ = 22.24–28.68 mmol L−1) or underestimated (PlankTOM5,
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σ = 13.16 mmol L−1) by the models. The model data agreement is poorest for annual
mean surface iron concentrations: None of the models can explain more than 40 % of
the spatial variability (0.20 > ρ > 0.4). For iron, simulated σ are under- or overestimated
by a factor of 2 or higher (σobs =0.43 nM). RMSEs are 1–3× the average concentra-
tions. All in all, models provide a consistent picture of oceanic macronutrients such5

as NO3 and PO4, but deviations from the observations are larger for SiO2 and trace
elements such as iron. For SST, all models obtain a ρ > 0.995 and a σ close to the
observational value of 10.46 ◦C. The RMSE is below 1 ◦C. Modelled MLDs are less
consistent with observations: Correlation coefficients ρ are lower than ρ = 0.7, and
most models underestimate σ. The average RMSE is of the order of the annual mean10

MLD.

B2 Chlorophyll a: comparison with SeaWiFS satellite data

Figure 6 shows the global patterns of annual mean surface chlorophyll a for Plank-
TOM5, PISCES, NEMURO, and CCSM-BEC, as compared to chlorophyll a from the
SeaWiFS satellite for the years 1997–2006. All models correctly simulate the gradient15

in chlorophyll between the high and the low latitudes, and show the lowest chloro-
phyll a concentrations in the subtropical gyres. Highest chlorophyll a concentrations
are simulated close to the coasts, and in the North Atlantic and North Pacific, as well
as in the Southern Ocean and close to the Antarctic continent, in agreement with obser-
vations. NEMURO shows highest chlorophyll- a concentrations in the Southern Ocean,20

which is due to a simplified iron limitation in this model. PlankTOM5 and CCSM-BEC
underestimate chlorophyll a concentrations in the North Atlantic. The accurate simu-
lation of absolute annual mean chlorophyll a concentrations, however, is still challeng-
ing for models. Pixel-wise correlations between SeaWiFS observations and individual
model outputs range from ρs = 0.7 (PISCES) to ρs = 0.1 (NEMURO), and correlations25

are low because most models underestimate overall chlorophyll a concentrations.
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When observed and simulated chlorophyll a are compared on a monthly basis, we
find that models achieve higher spatial correlation coefficients (Spearman rank correla-
tion coefficient ρs) with the observations during the NH summer (June–August; mean:
ρ̄s = 0.46, range: 0.35–0.6) than during the NH winter (December–February, mean:
ρ̄s = 0.38, range: 0.17–0.59), and that correlations are stronger in NH spring (March–5

May; mean: ρ̄s = 0.42, range: 0.24–0.65) than in NH autumn (September–November;
mean: ρ̄s = 0.29, range: 0.09–0.49). Hence, the model-data agreement is better during
the seasons where chlorophyll a is high in the NH. All models tend to simulate chloro-
phyll a seasonality better in the high latitudes (North Atlantic and Southern Ocean)
than in the low latitudes, where average concentrations and seasonal variability are10

low. Both the model with the highest (PISCES) and the lowest (CCSM-BEC) absolute
chlorophyll a concentrations (see Fig. 6) show large areas of high positive temporal
correlation (ρt > 0.8) with observations.

Appendix C

GAM sensitivity tests – model deviances explained15

Modelled deviance explained for different combinations of input variables (NO3, SST
and MLD) are shown in Fig. 7 below.
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Table 1. Characteristics of the Phase-0 models: ecosystem structure, physical model, and ref-
erences for further reading. pPFTs: phytoplankton functional types, zPFTs: zooplankton func-
tional types.

Model PlankTOM5 PISCES CCSM-BEC NEMURO

pPFTS diatoms (silicifiers) diatoms (silicifiers) diatoms (silicifiers) diatoms (silicifiers)
nanophytoplankton nanophytoplankton nanophytoplankton nanophytoplankton

coccolithophores (calcifiers) diazotrophs (nitrogen fixers)
zPFTs microzooplankton microzooplankton generic zooplankton microzooplankton

mesozooplankton mesozooplankton mesozooplankton
macrozooplankton

Nutrients PO4 NO3, NH4, PO4 NO3, NH4, PO4 NO3, NH4
SiO3, Fe SiO3, Fe SiO3, Fe SiO3, Fe

Detritus POMs POMl , DOM POMs, POMl , DOM POM, DOM POM, DOM
CaCO3, SiO2 CaCO3, SiO2 CaCO3, SiO2 CaCO3, SiO2

Physical Model NEMO NEMO CCSM-POP COCO
Resolution 2◦ ×0.5–2◦ 2◦ ×0.5–2◦ 3.6◦ ×0.8–1.8◦ 1◦ ×1◦

Forcing NCEP-NCAR NCEP-NCAR NCEP-NCAR NCEP-NCAR

Reference Buitenhuis et al., Aumont &Bopp, Moore et al., Aita et al.,
2010 2006 2004 2007
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Table 2. Global annual mean surface average biomass in mmolCm−3 for each pPFT and an-
nual mean surface average chlorophyll a in mg Chl m−3 for the four models, mean ratio of di-
atom to nanophytoplankton biomass (D : N ratio), or diatom : total small phytoplankton biomass
for the satellite-based estimate (nano-plus picophytoplankton; D : S ratio). a Values in brack-
ets indicate chlorophyll equivalents for each PFT in mgChlm−3. b Chlorophyll a equivalents
in NEMURO and the relative ratio of diatom chlorophyll : nanophytoplankton chlorophyll from
Hirata et al. (2011) were converted to/from carbon D : N using a carbon conversion ratio of
50 gC(gchl)−1 for diatoms and a carbon conversion of 125 gC(gChl)−1 for nano- and picophy-
toplankton (Sathyendranath et al., 2009).

Model/Biomass Diatom Nanophytoplankton Calcifiers Diazotrophs D : N ratio Total Chl a
PlankTOM5 0.23 (0.05)a 1.73 (0.20)a 0.21 (0.03)a – 0.12 (0.24)a 0.26
PISCES 0.63 (0.14)a 1.01 (0.16)a – – 0.62 (0.88)a 0.30
CCSM-BEC 0.41 (0.07)a 0.69 (0.09)a – 0.02 (0.004)a 0.59 (0.78)a 0.17
NEMUROb 0.77 (0.07)b 0.64 (0.15)b – – 1.24 (0.47)b 0.30

Satellite-derived Diatoms Small phytoplankton Prymnesiophytes – D : S ratio Chl a
biomassb (Pico- + Nanophytoplankton)
Hirata et al., 2011 0.41b (0.10) [1.10 + 0.82]b (0.11 + 0.08) 0.12b (0.01) 0.21b (0.34) 0.30
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Table 3. Fraction of 1◦ ×1◦ grid cells in % where the different pPFTs are dominant (group
constitutes more than 50 % of local biomass) in the annual mean for the four models and
two satellite estimates. Coexistence patterns in Hirata et al. (2011) are mostly due to similar
proportions of nano- and picophytoplankton.

pPFT/Model PlankTOM5 PISCES CCSM-BEC NEMURO Alvain et al. (2008) Hirata et al. (2011)

Silicifiers/Diatoms 9.3 23.0 31.0 36.7 2.2 3.9
Nano-/picophytoplankton 76.8 77.0 68.7 63.3 96.6 76.6
Calcifiers/Prymnesiophytes 12.3 – – – 1.2 0.0
Nitrogen fixers – – 0.0 – – –
Coexistence 1.5 – 0.3 – – 19.4
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Table 4. Model properties: Parameters limiting phytoplankton growth for PlankTOM5, PISCES,
CCSM-BEC, NEMURO.

Parameter PlankTOM5 PISCES CCSM-BEC NEMURO

Diatoms:
µmax(0 ◦C) 0.6 0.66 0.375 0.8

f (T ) 1.066T 1.066T 2
(T+273.16)−(30+273.15)

10 exp(0.0693 ·T )

K PO4

1/2
(nmol P L−1) 50.0 4.0 5.0 n/a

K
NO3

1/2
(µmol N L−1) n/a 1.32 2.5 3.0

K NH4

1/2
(µmol N L−1) n/a 0.066 0.08 0.3

K
SiO3

1/2
(µmol Si L−1) 4.0 min: 1.0 (?); max: 7.0 (?) 1.0 6.0

K Fer
1/2

(nmol Fe L−1) 0.12 min: 0.1; max: 0.4 0.15 0.2

Nanophytoplankton::
µmax(0 ◦C) 0.4 0.66 0.375 0.4

f(T) 1.066T 1.066T 2
(T+273.16)−(30+273.15)

10 exp(0.0693 ·T )

K PO4

1/2
(nmol P L−1) 9.2 0.8 0.3125 n/a

K
NO3

1/2
(µmol N L−1) n/a 0.26 0.5 1.0

K NH4

1/2
(µmol N L−1) n/a 0.013 0.005 0.1

K Fer
1/2

(nmol Fe L−1) 0.04 min: 0.02; max: 0.08 0.06 0.08

Others: Coccolithophores Diazotrophs
µmax(0 ◦C) 0.3 0.05

f(T) 1.066T 2
(T+273.16)−(30+273.15)

10

K PO4

1/2
(µmol P L−1) 0.49 5.0

K
NO3

1/2
(mol N L−1) n/a –

K NH4

1/2
(mol N L−1) n/a –

K Fer
1/2

(nmol Fe L−1) 0.07 0.1
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Fig. 1. Comparison of zonal mean surface biomass contributions of the four individual DGOMS
to satellite estimates based on Hirata et al. (2011) and conversion factors from Sathyendranath
et al. (2009). (a) PlankTOM5, (b) PISCES, (c) NEMURO and (d) CCSM-BEC, (e) estimates
based on Hirata et al. (2011) for all groups resolved by the four models. Legend: dia=diatoms,
coc/prym= coccolithophores/prymnesiophytes, diaz=diazotrophs, nano=nanophytoplankton
and pico=picophytoplankton.
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Fig. 2. Annual mean dominance maps for the individual pPFTs (a) PlankTOM5, (b) for PISCES,
(c) for NEMURO and (d) for CCSM-BEC, as compared to observations from (e) PHYSAT (Al-
vain et al., 2005, 2006, 2008) and (f) based on SeaWiFS chlorophyll a and the formula in
Hirata et al. (2011). Legend: dia=diatoms, cocco-prym= coccolithophores/prymnesiophytes,
nano=nanophytoplankton, pico=picophytoplankton. “coex” denotes areas where none of the
PFTs constitutes more than 50 % of biomass.
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Fig. 3. Monthly mean dominance maps for the individual pPFTs (a) PHYSAT (Al-
vain et al., 2008), (b) Hirata et al. (2011), (c) PlankTOM5, (d) for PISCES, (e)
for NEMURO and (f) for CCSM-BEC for selected Months: December (upper panels),
March (upper middle), June (lower middle) and September (lower panels). Legend:
dia=diatoms, cocco-prym= coccolithophores/prymnesiophytes, nano=nanophytoplankton,
pico=picophytoplankton. “coex” depicts areas where none of the pPFTs is dominant, i.e. none
of the pPFTs reaches a biomass contribution of 50 %.
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Fig. 4. Representation of dominant pPFT in niche space as pPFT with highest probability of
dominance as a function of SST and NO3 concentration. (a) PlankTOM5, (b) PISCES, (c)
CCSM-BEC, (d) NEMURO, (e) dominance patterns from PHYSAT when only those pPFTs with
model equivalents are considered (size classes, diatoms, coccolithophores), and (f) dominance
patterns from Hirata et al., 2011, where only those pPFTs with model equivalents are consid-
ered (size classes, diatoms, prymnesiophytes). Diazotrophs in CCSM-BEC are not dominant in
the annual mean. Habitats where none of the pPFTs is dominant, ie. where no group constitutes
more than 50 % of biomass, are designated by “coex” Legend as in Figs. 2 and 3.
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Fig. 5. Global annual mean probability of diatom dominance for the models and the satellite
estimates (a) PlankTOM5, (b) PISCES, (c) NEMURO, (d) CCSM-BEC (e) Alvain et al. (2008),
and (f) Hirata et al. (2011).
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Fig. 6. Log-transformed annual mean chlorophyll-a for the different DGOMs, as compared to satellite ob-

servations: (a) PlankTOM5, (b) PISCES, (c) CCSM-BEC, (d) NEMURO, and (e) SeaWiFS chlorophyll-

a.

51

Fig. 6. Log-transformed annual mean chlorophyll a for the different DGOMs, as compared to
satellite observations: (a) PlankTOM5, (b) PISCES, (c) CCSM-BEC, (d) NEMURO, and (e)
SeaWiFS chlorophyll a.
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52Fig. 7. Explained deviance for the modelled dominance of all plankton functional groups with
different combinationsas a function of the explanatory variables SST, NO3 and MLD included in
the GAM model for (a) PlankTOM5, (b) PISCES, (c) CCSM-BEC and (d) NEMURO, in compar-
ison to the two satellite estimates (e) Alvain et al. (2005) and (f) Hirata et al. (2011). Mod-
elled variables: coc= coccolihophores, coex= coexistence of several pPFTs, dia=diatoms,
diz=diazotrophs, nan=nanophytoplankton, pic=picophytoplankton. Blue dots: all 3 predictor
variables included in GAM, violet dots: model with NO3 and MLD, green: model with SST and
MLD and red: model with SST and NO3. For most pPFTs, differences in the deviance explained
are small for the full model (blue), as compared to the reduced model using only SST and NO3
as predictor variables (red).
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