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Several in situ iron-enrichment experiments have been conducted, where the response of the
phytoplankton community differed. We use a marine ecosystem model to investigate the effect of
iron on phytoplankton in response to different initial plankton conditions and mixed-layer depths
(MLDs). Sensitivity analysis of the model results to the MLDs reveals that the modeled response to the
same iron enhancement treatment differed dramatically according to the different MLDs. The
magnitude of the iron-induced biogeochemical responses in the surface water, such as maximum
chlorophyll, is inversely correlated with MLD, as observed. The signiﬁcant decrease in maximum surface
chlorophyll with MLD results from the difference in diatom concentration in the mixed layer, which is
determined by vertical mixing. The modeled column-integrated chlorophyll, on the other hand, is the
highest with intermediate MLD cases, suggesting difference in iron-induced biogeochemical responses
between volume and area considerations. The iron-induced diatom bloom is severely restricted below
the compensation depth due to both light limitation and grazing pressure, irrespective of the MLD.
Sensitivity of the model to initial mesozooplankton (as grazers on diatoms) biomass shows that
column-integrated biomass, net community production and export production are strongly controlled
by the initial mesozooplankton biomass. Higher initial mesozooplankton biomass yields high grazing
pressure on diatoms, which results in less accumulation of diatom biomass and may account for notably
lower surface chlorophyll during SEEDS (Subarctic Paciﬁc Iron Experiment for Ecosystem Dynamics
Study) II than during SEEDS. The initial diatom biomass is also important to the outcome of iron
enrichment but is not as crucial as the MLD and the initial mesozooplankton biomass. This modeling
study suggests that not only MLD but also the initial biomass of diatoms and its principle grazers are
crucial factors in the response of the phytoplankton community to iron enrichments, and should be
considered in designing future iron-enrichment experiments.
& 2009 Elsevier Ltd. All rights reserved.
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1. Introduction
In high-nutrient, low-chlorophyll (HNLC) regions, the availability of iron to phytoplankton plays an important role in
determining phytoplankton growth (e.g., Martin and Fitzwater,
1988; Banse, 1990; Martin, 1990). To conﬁrm this iron-limitation
hypothesis, several in situ iron-enrichment experiments have been
conducted in the HNLC regions (e.g., Coale et al., 1996, 2004; Boyd
et al., 2000, 2004, 2007; Gervais et al., 2002; Tsuda et al., 2003).
However, the observed responses of the phytoplankton communities are dramatically different among these iron experiments in
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the HNLC regions (e.g., de Baar et al., 2005; Fujii et al., 2005). For
example, the iron-induced maximum surface chlorophyll and
decrease of pCO2 at the surface (pCO2 sea) were as large as
19 (mg m3) and 94 (matm) at SEEDS (the Subarctic Paciﬁc Iron
Experiment for Ecosystem Dynamics Study) in the subarctic
western North Paciﬁc (Tsuda et al., 2003), but as small as
2 (mg m3) and 20 through 30 (matm) at SOIREE (The ﬁrst
Southern Ocean Iron Release Experiment; Boyd et al., 2000) and
EisenEx (The Carbondioxide Uptake Southern Ocean (CARUSO)/
Eisen( ¼ Iron) Experiment; Gervais et al., 2002; Bakker et al.,
2005) in the Southern Ocean.
Through comparison of eight iron experiments, de Baar et al.
(2005) showed that the iron-induced maximum chlorophyll, the
maximum dissolved inorganic carbon (DIC) removal and the
overall DIC/Fe efﬁciency all scale inversely with the mixed-layer
depth (MLD) deﬁning the light environment, and that lateral
patch dilution, sea-surface irradiance, temperature and grazing
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play additional roles. Applying a marine ecosystem model to
SEEDS, Fujii et al. (2005) used sensitivity analysis to show that
water temperature signiﬁcantly controls both the timing
and magnitude of iron-induced diatom bloom, and that the e-ratio
(a ratio of export production (EP) to net community production
(NCP)) is inversely correlated with temperature. Their model
sensitivity studies on the duration of iron enrichment also
revealed that multiple iron infusions for longer than a
week would not be effective in SEEDS because of the stronger
silicate limitations during the later phase of the diatom bloom.
In other words, the initial dissolved silicate does affect the
duration of bloom, although formal sensitivity analysis of initial
dissolved silicate was not conducted. These previous observational and modeling studies suggest that the physical and
chemical environmental conditions, other than iron, are also
predominant factors in controlling biogeochemical responses to
iron enrichments.
On the other hand, recent observational data have shown that
the increases in phytoplankton biomass inside the iron patch were
dramatically different between SEEDS and SEEDS II, which were
conducted in the same location and at the same season of the year
(Tsuda et al., 2007), when physical and chemical environmental
conditions were very similar. These results imply that factors
other than just physical and chemical environmental conditions
could also signiﬁcantly determine the response of the phytoplankton community to iron addition. Several previous studies
(Landry et al., 2000a, b; Rollwagen Bollens and Landry, 2000;
Jansen et al., 2006; Schultes et al., 2006) suggested that grazing
processes and/or major nutrient limitations regulate iron-induced
phytoplankton biomass accumulation. Grazing pressure is
also related to the initial zooplankton biomass when iron is being
introduced to the experimental site. Since the initial physical,
chemical and plankton conditions may vary widely among
different iron-enrichment experiments, it is difﬁcult to isolate,
solely by observation, the key factors that regulate the
iron-induced phytoplankton bloom. This necessitates more
rigorous veriﬁcation by application of a generic plankton
ecosystem simulation model to the iron experiments (de Baar
et al., 2005).
Taking into consideration the suite of environmental variables
each of which, more or less, controls the response to in situ iron
fertilization, sensitivity to water temperature and duration of
SEEDS have previously been assessed (Fujii et al., 2005), with
additional implications for sensitivity to initial dissolved silicate.
Sensitivity to variations of incident irradiance on the one hand is
so strong that it is deemed low priority for special study. On the
other hand lateral patch dilution has been so poorly deﬁned in
ﬁeld observations thus far that it ﬁrst requires a sophisticated
dilution/mixing description, before sensitivity analysis in a
plankton ecosystem simulation model can be feasible. Presumably
the lateral patch dilution is an important physical factor that
controls biological responses to iron-fertilization experiments
(Assmy et al., 2007) and the effect is examined by using a 3D
ecosystem model that can reproduce explicitly the lateral patch
dilution (e.g., Chai et al., in preparation).
Here, we use a marine ecosystem model to examine the
response of the phytoplankton community to selected different
physical environmental conditions and different initial plankton
conditions, focusing on the sensitivity of model results to MLD
and the initial biomass of diatoms and mesozooplankton, the
latter being major grazers of diatoms. In the following section we
describe the ecosystem model to be used and the experimental
design with changes in MLD and initial plankton biomass. The
results based on variations of SEEDS and their implications also
for other fertilization experiments are discussed in Section 3 and a
summary is presented in Section 4.
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2. Model description and experimental design
We used a 16-compartment marine ecosystem model (e.g.,
Fujii et al., 2002, 2005; Yamanaka et al., 2004; Fig. 1). In this
model, phytoplankton and zooplankton are categorized by their
functional groups in view of the food web (Landry et al., 2000a, b;
Rollwagen Bollens and Landry, 2000; Hall and Saﬁ, 2001; Hannon
et al., 2001; Tsuda et al., 2003; Suzuki et al., 2005; Takeda and
Tsuda, 2005; Saito et al., 2005, 2006; Jansen et al., 2006; Schultes
et al., 2006).
Phytoplankton are categorized into two groups: large diatoms
(PL), including large chain-forming centric diatoms Chaetoceros
debilis, and smaller phytoplankton (PS), including autotrophic
nanoﬂagellates and coccolithophorids. Phytoplankton components utilize nitrate (NO3) and ammonia (NH4) in the process of
photosynthesis and produce soft tissue in the form of particulate
organic nitrogen (PON). Along with photosynthesis, diatoms
utilize silicate (Si(OH)4) to produce frustules in the form of
biogenic silica.
Zooplankton are categorized into three groups: diatom-grazing
micro- or mesozooplankton (ZL), including copepoda and ciliates,
predatory macrozooplankton (ZP), including carnivorous Chaetogratha, and other non-diatom-grazing microzooplankton (ZS),
including foraminifera. Coccolithophorids and foraminifera
produce hard shells of calcium carbonate (CaCO3). Detailed
zooplankton dynamics, such as the ontogenetic vertical migration
and the reproductive cycle, are not considered in the current
modeling study. These processes may not inﬂuence model results
for a short experimental period (60 days or less) and during the
summer months in a signiﬁcant way. Recent observational
outcome reveals that the vertical migration of zooplankton
contributes to an extra export term not captured in the sediment
traps by bypassing the sediment traps (Saito et al., 2009). This
mechanism is beyond the scope of the current model but is worth
being taken into account.
Total alkalinity (TAlk) is calculated by the balances of CaCO3,
NO3 and NH4. The dissolved inorganic carbon is calculated by
balances of TAlk, NO3 and NH4 (with a carbon to nitrogen ratio of
6.625; Redﬁeld et al., 1963). Therefore, the partial pressure of CO2
at the sea surface (pCO2 sea) is calculated and the air–sea CO2 ﬂux
can be estimated by this model.
The ecosystem model is coupled with a one-dimensional
mixed-layer model. The mixed-layer model has 20 layers
vertically between the surface and a depth of 100 m, with vertical
resolution of 5 m. The physical–biogeochemical model is applied
to the location and period of SEEDS (from 18 to 31 July 2001 at
48.51N, 1651E), an iron-enrichment experiment in the subarctic
western North Paciﬁc (Tsuda et al., 2003; Takeda and Tsuda,
2005). Although the model structure, forcing functions and
parameter values are similar to those described by Fujii et al.
(2005), a few modiﬁcations to the model experimental design
from Fujii et al. (2005) are carried out to directly compare the
model results with observations in the eight iron-enrichment
experiments described in de Baar et al. (2005). The daily averaged
photosynthetically active radiation (PAR) at the sea surface in a
standard experiment, which was given to vary with season in Fujii
et al. (2005), is ﬁxed to 75.1 (W m2; de Baar et al., 2005) during
the simulation period of 60 days. The MLD at SEEDS I was ﬁxed to
25 and 12.5 m in Fujii et al. (2005) and de Baar et al. (2005),
respectively. In this study, we ﬁxed the MLD to 12.5 m because
this value is considered as a better representative of the observed
MLD at SEEDS. The water temperature is given so that the
temperature is uniform in the MLD and the heat content is
conserved in the water column.
In this model, the diatom growth rate is calculated as the
product of the maximum growth rate, water temperature
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Fig. 1. Schematic view of the sixteen-compartment marine ecosystem model after Fujii et al. (2002, 2005) and Yamanaka et al. (2004). Here PS (mmol N m3) is non-diatom
smaller phytoplankton biomass, PL (mmol N m3) is diatom biomass, ZS (mmol N m3) is non-diatom-grazing microzooplankton biomass, ZL (mmol N m3) is diatomgrazing micro- or mesozooplankton biomass, ZP (mmol N m3) is predatory macrozooplankton biomass, NO3 (mmol N m3) is dissolved nitrate, Si(OH)4 (mmol Si m3) is
dissolved silicate, DIC (mmol C m3) is total CO2 or the complete pool of dissolved inorganic carbon in seawater and pCO2 sea (matm) is the partial pressure of CO2 in
seawater. The additional pools are active and dynamic part of the model simulations but not discussed in the text: NH4 (mmol N m3) is dissolved ammonia, POM
(mmol N m3) is particulate organic matter, DOM (mmol N m3) is dissolved organic matter, Opal (mmol Si m3) is opal or biogenic silica frustules of diatoms, Ca
(mmol Ca m3) is total dissolved calcium, CaCO3 (mmol C m3) is biogenic calcium carbonate or shells and TAlk (mmol m3) is total alkalinity.

dependence (Q10 effect), light regulation, nutrient (NO3, NH4 and
Si(OH)4) controls and diatom concentration, as follows:

In order to simulate the effects of iron enrichment in this
model, the values of Vmax L (day1) and a (W1 m2 day1) for



½NO3 
½NH4 
½SiðOHÞ4 
diatom total growth rate ¼ VmaxL expðkL TÞ  min
expðCL ½NH4 Þ þ
;
|ﬄﬄ{zﬄﬄ} |ﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄ}
½NO3  þ KNO3L
½NH4  þ KNH4L ½SiðOHÞ4  þ KSiL
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
Term 1

Term 2




a  PAR
 1  exp
 ½diatom biomass ;
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
VmaxL
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
Term 4

ð1Þ

Term 5

where T is the water temperature (1C), Vmax L the maximum
growth rate (day1) and a the initial slope of the photosynthesis–
irradiance (P vs. I) curve (W1 m2 day1). See Table 2 in Fujii
et al. (2005) for other abbreviations. Following Fujii et al. (2005),
the nutrient phosphate is not taken into account as is usual in
most plankton ecosystem models, while trace nutrient iron is
implicit in Vmax L and a as explained below.
In this model, diatoms are set to be grazed on mainly by
mesozooplankton and a small portion (10%) by macrozooplankton. The grazing on diatoms by mesozooplankton, or the total
grazing rate, is expressed as the product of the maximum grazing
rate, water temperature dependence (Q10 effect), and biomass of
both diatoms and mesozooplankton, as follows:
total grazing rate on diatoms by mesozooplankton
¼ GRmax PL expðkG TÞ
 maxf0; 1  exp ðl½diatom biomassÞg
 ½mesozooplankton biomass:

Term 3

ð2Þ

diatoms are set to increase linearly from Day 0 (the date on which
iron was infused into the surface water) to Day 3, to be kept at the
maxima (three times higher than the initial values) until Day 10,
and to decrease linearly to the initial values at Day 20 (Fig. 2),
which is the same manner used in Fujii et al. (2005). We also
increased the values of the chlorophyll–carbon ratio by weight for
diatoms during the iron-enrichment period in the same manner
(Fig. 2), and found the model reproduces better the observed
chlorophyll than that with the ratio ﬁxed to 1:50 (Fujii et al.,
2005).
Using a higher maximum speciﬁc growth rate for diatoms is
equivalent to removing or greatly reducing all physiological
limitations due to trace nutrients such as iron. By keeping all
other model parameters the same, including the grazing formulation, the effect of removing a physiological constraint on
photosynthetic performance or growth can be distinguished from
the effects of physical processes and grazing. Similar procedures
have been used in previous modeling studies to investigate the
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effect and impact of iron fertilization on phytoplankton growth
dynamics (Denman and Peña, 1999; Chai et al., 2002, 2007; Fujii
et al., 2005; Yoshie et al., 2005). Notice that this merely simulates
the role of iron in SEEDS, whereas a dedicated sensitivity analysis
for realistic iron concentration is the subject of ongoing studies
(e.g., Sato et al., in preparation).
To investigate the effects on the phytoplankton community in
response to different MLD and initial plankton conditions, we
conducted several sets of model sensitivity studies (Table 1) in
reference to realistic observed ranges (e.g., de Baar et al., 2005;
Tsuda et al., 2007). The ﬁrst set of experiments investigates the
role of MLD, the maximum of which is ﬁxed at 7.5 (Case 1-1), 12.5
(Case 1-2; standard case), 17.5 (Case 1-3), 22.5 (Case 1-4), 27.5
(Case 1-5), 47.5 (Case 1-6) and 72.5 m (Case 1-7) (Experiment 1).
The second set of experiments studied the role of initial
diatom biomass on Day 0, which was set at 0.001 (Case 2-1),
0.01 (Case 2-2), 0.1 (Case 2-3), 1 (Case 2-4; standard case), 10
(Case 2-5), 100 (Case 2-6), and 1000 (Case 2-7) times the standard
initial condition used in Fujii et al. (2005) (Experiment 2).
The initial mesozooplankton biomass on Day 0 was set at 0.01
(Case 3-1), 0.1 (Case 3-2), 1 (Case 3-3; standard case), 5 (Case 3-4),
10 (Case 3-5), 20 (Case 3-6) and 30 (Case 3-7) times the standard
value as used in Fujii et al. (2005) (Experiment 3). Additional
experiments 4–6 (see Table 1) were done with similar variations
in the initial biomass of non-diatom small phytoplankton PS
(Experiment 4), microzooplankton ZS (Experiment 5) and
predatory macrozooplankton ZP (Experiment 6), respectively.

Normalized value

4
3
2
1
0
0

10

20

30

40

50

60

Day of experiment
Fig. 2. Temporal changes of the maximum growth rate VmaxL (day1), the initial
slope a (W1 m2 day1) of photosynthesis–irradiance (P vs. I) curve and the
chlorophyll–carbon ratio by weight for diatoms in the model from Day 0 to 60. All
three variables are set to follow identical relative changes as follows: an increase
linearly from Day 0 (the date on which iron was infused to the surface water) to
Day 3, to be kept at the maxima (by 3 times as high as the initial values) until Day
10, to decrease linearly to the initial values on Day 20 and then remain constant
over the Days 20–60 period.
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3. Results and discussion
We evaluated the model performance using the SEEDS results,
which served as a reference state. In comparison with SEEDS
observations, the model results in the standard case (Cases 1-2,
2-4 and 3-3; they are identical) reproduce the observations
reasonably well after iron infusion, i.e., a rapid increase in surface
chlorophyll and decreases in surface nutrients and pCO2 sea (black
solid lines in Fig. 3). These changes are caused by a diatom bloom
stimulated by iron infusion. A detailed analysis of the standard
case was presented in Fujii et al. (2005) and Yoshie et al. (2005).

3.1. Biogeochemical responses to mixed-layer depth
In Experiment 1, the water temperature is uniform in the
mixed layer and decreases with an increase of MLD, from 9.3 1C
in Case 1-1 (MLD ¼ 7.5 m) to 4.3 1C in Case 1-7 (MLD ¼ 72.5 m;
Fig. 4(A)). The water temperature in the mixed layer shows an
inverse relationship with the MLD (R2 ¼ 0.97; Fig. 4(B)). Fig. 4(C)
shows the mixed-layer-mean PAR on the date when the ironinduced surface chlorophyll concentration is maximum, that is, on
Days 11, 12, 13, 13, 14, 16 and 18 in Cases 1-1, 1-2, 1-3, 1-4, 1-5, 1-6
and 1-7, respectively. The mixed-layer-mean PAR also decreases
with an increase of MLD, from 18.0 (W m2) in Case 1-1 to
9.3 (W m2) in Case 1-7, and is inversely correlated with the MLD
(R2 ¼ 0.79; Fig. 4(C)).
The modeled iron-induced biogeochemical responses, namely
the rapid increase in surface chlorophyll and decreases in surface
nutrients and pCO2 sea, occur earlier and are larger with shallower
MLD cases (Fig. 3(A)). The maximum surface chlorophyll, and the
maximum differences between inside and outside the iron patch
for surface silicate (D Si(OH)4), surface DIC (D DIC), pCO2 sea
(D pCO2 sea), column-integrated chlorophyll, NCP above 100 m
depth (D NCP) and EP at 100 m depth (D EP), are plotted in
Fig. 5-1. The model results show a striking and signiﬁcant inverse
relationship (R240.94) between each variable and MLD,
consistent with observations from the eight iron-enrichment
experiments (de Baar et al., 2005). This suggests that the inverse
relationship between MLD and iron-induced biogeochemical
responses is a robust feature, which has been documented both
in this model of SEEDS and in other observations (de Baar et al.,
2005).
Although the surface values have their peaks in Case 1-1
(MLD ¼ 7.5 m), some of the maximal column-integrated values
appear with intermediate MLD cases (Fig. 5-1). For example,
unlike the maximum surface chlorophyll, the column-integrated
chlorophyll is the highest in Case 1-3 (MLD ¼ 17.5 m; Fig. 5-1(E)).

Table 1
Model experimental design.
Experiment
number

Changing parameter (unit)

Symbol Fluctuation range

1

Mixed-layer depth (m)

MLD

2
3
4

Initial diatom biomass (mmol C m3)
Initial mesozooplankton biomass (mmol C m3)
Initial non-diatom small phytoplankton biomass
(mmol C m3)
Initial microzooplankton biomass (mmol C m3)
Initial predatory macrozooplankton biomass
(mmol C m3)

PL
ZL
PS

5
6

ZS
ZP

7.5 (1–1)

17.5 (1–3) 22.5
(1–4)
0.001  (2–1) 0.01  (2–2) 0.1  (2–3) 1  (2–4)
0.01  (3–1) 0.1  (3–2)
1  (3–3) 5  (3–4)
0.001  (4–1) 0.01  (4–2) 0.1  (4–3) 1  (4–4)
0.01  (5–1)
0.01  (6–1)

12.5 (1–2)

0.1  (5–2)
0.1  (6–2)

27.5 (1–5) 47.5 (1–6)

72.5 (1–7)

10  (2–5) 100  (2–6) 1000  (2–7)
10  (3–5) 20  (3–6)
30  (3–7)
10  (4–5) 100  (4–6) 1000  (4–7)

1  (5–3) 5  (5–4) 10  (5–5)
1  (6–3) 5  (6–4) 10  (6–5)

20  (5–6)
20  (6–6)

30  (5–7)
30  (6–7)

Case numbers are shown in parentheses below the given ﬂuctuation range. Cases 1-2, 2-4, 3-3, 4-4, 5-3 and 6-3 in bold print are the standard experiments (they are
identical). Variations of MLD (Experiment 1), initial diatom biomass PL (Experiment 2) and initial mesozooplankton biomass ZL (Experiment 3) have been shown to be far
more signiﬁcant than variations of initial non-diatom small phytoplankton biomass PS (Experiment 4), initial microzooplantkon biomass ZS (Experiment 5) and initial
predatory macrozooplankton biomass ZP (Experiment 6).
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The modeled D EP has its peak of 1908.8 (mg C m2 day1) in
Case 1-2 (MLD ¼ 12.5 m; Fig. 5-1(G)). This is due to greater
decomposition of the particulate organic carbon in the MLD in
Case 1-1 than in Case 1-2, resulting from higher water
temperature in Case 1-1 (Fig. 4(A)). Previous studies show that
the e-ratio is inversely correlated with water temperature (e.g.,
Laws et al., 2000; Fujii et al., 2005). On the other hand, the surface
water temperature was much more diverse among the eight ironenrichment experiments (0.5 through 25.2 1C; de Baar et al.,
2005) than in this study (4.3–9.3 1C; Fig. 4(B)) and there is no clear
correlation between the observed MLD and surface water
temperature (R2 ¼ 0.32). Therefore, D EP in the eight ironenrichment experiments is unlikely to have an inverse relationship with MLD. EP is an essential variable for assessing the
efﬁciency of the oceanic carbon uptake by iron-enrichment
experiments, although the export of carbon into deeper waters
is difﬁcult to estimate and, to date, has been proven quite modest
in only two iron experiments (de Baar et al., 2005).

We examined the predominant factors that cause the notable
inverse relationship between the maximum surface chlorophyll
and MLD, by comparing the modeled magnitude of terms in
Eq. (1). Fig. 6 shows the vertical proﬁles of Terms 1–5 in Eq. (1),
the diatom-speciﬁc growth rate (equivalent to the product of
Terms 1–4), and the diatom total growth rate (equivalent to the
product of the diatom-speciﬁc growth rate and Term 5), on the
date when the maximum surface chlorophyll appears (on Days 11,
12, 13, 13, 14, 16 and 18 in Cases 1-1, 1-2, 1-3, 1-4, 1-5, 1-6, and
1-7, respectively). The maximum diatom growth rate (Term 1;
Fig. 6(A)) is higher in Case 1-1 (MLD ¼ 7.5 m) than in Case 1-7
(MLD ¼ 72.5 m) by a factor of 1.9, because the maximum surface
chlorophyll appears earlier in shallower MLD cases (Figs. 2 and
3(A)). The temperature dependence term (Term 2; Fig. 6(B)) is
larger in Case 1-1 than in Case 1-7 by a factor of 1.2 due to higher
water temperatures in shallower MLD cases (Fig. 4(A)). The
nutrient limitation (Term 3; Fig. 6(C)), by contrast, is weaker in
Case 1-7 than in Case 1-1 by a factor of 1.1 due to higher nutrient
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concentrations in deeper MLD cases (Fig. 3(A)). The modeled
compensation depth, deﬁned as the depth at which PAR is equal to
1% of the surface PAR, was calculated and compared to the MLD
(Table 2). The compensation depth is almost the same as the
MLD in Case 1-5, and is deeper and shallower than the MLD in
Cases 1-1 through 1-4 and Cases 1-6 through 1-7, respectively.
This suggests that phytoplankton in deeper MLD cases (Cases 1-6
and 1-7) are exposed to light limitation when they are pushed
down to deeper layers by vertical mixing. Interestingly, on the
other hand, the light limitation (Term 4; Fig. 6(D)) at each depth is
stronger in shallower MLD cases, because self-shading by the
more abundant phytoplankton diminishes the available light
below. Light limitation in the surface water is slightly stronger
in Case 1-1 than in Case 1-7 but only by a factor of 1.1. As a result,
the diatom-speciﬁc growth rate (Fig. 6(E)) is higher by a factor
of 1.7 at the surface, but it is lower in subsurface layers in Case 1-1
than in Case 1-7.
The most signiﬁcant difference among the MLD cases is the
diatom biomass (Term 5; Fig. 6(F)). The diatom biomass is
uniform within the mixed layer because of vertical mixing, and
it is larger in Case 1-1 than in Case 1-7 by a factor of 7.1. Also the
surface maximum chlorophyll differs between the cases by a
factor of 10.0 (Fig. 5-1(A)). Consequently, the diatom total growth

rate at the surface (Fig. 6(G)) is much higher in Case 1-1 than in
Case 1-7 by a factor of 12.3, primarily due to the larger diatom
biomass. The diatom total growth rate decreases exponentially
with depth in any case, but more rapidly in shallower MLD cases
because of rapid decreases in both diatom-speciﬁc growth rate
and diatom biomass with depth. Therefore, depth integration of
the diatom total growth rate, namely the NCP, partly compensates
the advance effects of a deep MLD, decreasing the differences
in responses among the cases to a factor of 4.4 (Fig. 5-1(F); de Baar
et al., 2005).
The modeled diatom total growth rate was compared with
the corresponding total grazing rate on diatoms by zooplankton
(ZL and ZP) on the date when the maximum surface chlorophyll
appears (Figs. 6(H) and (I)). The total grazing rate on diatoms by
zooplankton has a similar vertical proﬁle to the diatom biomass in
any cases, because the grazing rate depends on the diatom
biomass (Eq. (2)). The total grazing rate on diatoms by
zooplankton exceeds the diatom total growth rate below the
depth of 47.5, 32.5, 27.5, 32.5, 32.5, 47.5 and 62.5 m in Cases 1-1,
1-2, 1-3, 1-4, 1-5, 1-6 and 1-7, respectively (Table 2). The depth
is similar to the modeled compensation depth by 5 m in any case.
The higher total grazing rate on diatoms by zooplankton than the
diatom total growth rate means no accumulation or decrease of
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Fig. 6. Vertical proﬁle of (A) Term 1 (the maximum diatom growth rate Vmax L) (day1), (B) Term 2 (temperature dependence exp(kLT)), (C) Term 3 (nutrient limitation), (D)
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Table 2
Modeled (1) MLD, (2) compensation depth (CD), and (3) depth at which diatom grazing rate exceeds diatom total growth rate, in Experiment 1 (for variation of MLD).

(1) MLD (m)
(2) Compensation depth (CD) (m)
(3) Depth at which diatom grazing rate exceeds diatom total growth rate (m)

Case 1-1

Case 1-2

Case 1-3

Case 1-4

Case 1-5

Case 1-6

Case 1-7

7.5
42.5
47.5

12.5
27.5
32.5

17.5
22.5
27.5

22.5
27.5
32.5

27.5
27.5
32.5

47.5
42.5
47.5

72.5
62.5
62.5

The compensation depth is deﬁned as the depth at which PAR is equal to 1% of the surface PAR.

diatom biomass at the depth, showing that the diatom growth is
regulated by both light limitation and grazing pressure below the
compensation depth even during the iron-induced diatom bloom
prime, which is irrespective of the MLD.

3.2. Biogeochemical responses to initial plankton conditions
With different initial diatom biomasses (Experiment 2), the
iron-induced diatom bloom occurs earlier and is larger with

higher initial diatom concentration (Fig. 7-1(C)). The decrease
of Si(OH)4 (Fig. 3(B)) is the weakest with the lowest initial
diatom biomass (Case 2-1; 0.001 times the standard initial diatom
biomass). With different initial mesozooplankton biomasses
(Experiment 3), the iron-induced diatom bloom occurs
earlier and is larger with lower initial mesozooplankton biomass
(Fig. 7-2(C)). The surface chlorophyll increases by a factor of 75
with lower initial mesozooplankton biomass (Cases 3-1 and 3-2;
0.01 and 0.1 times the standard initial mesozooplankton biomass;
Fig. 3(C)), but its increase is only by a factor of 30 with the highest
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initial mesozooplankton biomass (Case 3-7; 30 times the standard
initial mesozooplankton biomass; Fig. 3(C)). The decrease of
Si(OH)4 (Fig. 3(C)) is the weakest with the highest initial
mesozooplankton biomass (Case 3-7).
The iron-induced diatom bloom is triggered by a rapid increase
in the diatom-speciﬁc growth rate (equivalent to diatom total
growth rate divided by diatom biomass; Eq. (1) and Figs. 7-1(A)
and -2(A)). The diatom-speciﬁc growth rate increases from
0.6 (day1) on Day 0 to up to 1.9 (day1) on about Day 5 in all
cases, which reﬂects the effects of iron enrichment on diatom
growth. The diatom-speciﬁc growth rate returns to the initial level
of 0.6 (day1) after termination of iron enrichment. This result
indicates that iron concentration controls diatom-speciﬁc growth
rates regardless of initial plankton biomass.
Compared with the diatom-speciﬁc growth rate, speciﬁc
grazing rate on diatoms by mesozooplankton (total grazing rate
on diatoms by mesozooplankton divided by mesozooplankton
biomass; Eq. (2)) is different among the cases (Figs. 7-1(B) and 2(B)). The speciﬁc grazing rate increases rapidly from very low
values to close to 0.8 (day1) in all cases. The lower speciﬁc
grazing rate at the ﬁrst phase of simulation (from Day 0 to 10) in
Cases 2-1 and 2-2 (Fig. 7-1(B)) is initially due to lower diatom

concentration. The slow accumulation of diatom biomass
(Cases 2-1 and 2-2; Fig. 7-1(C)) results in a delayed peak of the
speciﬁc grazing rate, which is determined by diatom concentration. On the other hand, higher initial mesozooplankton biomass
(Cases 3-6 and 3-7) results in lower diatom biomass (Fig. 7-2(C))
and a lower speciﬁc grazing rate of mesozooplankton (Fig. 7-2(B))
during the ﬁrst phase of iron infusion, which is initially due to
higher grazing pressure on diatoms. With lower initial mesozooplankton biomass (Cases 3-1 and 3-2), by contrast, diatoms at the
ﬁrst phase can escape from high grazing pressure and produce a
stronger bloom (Fig. 7-2(C)). The high biomass of diatoms
provides an adequate food supply for mesozooplankton, which
results in an earlier peak of the speciﬁc grazing rate and a gradual
increase in mesozooplankton biomass (Figs. 7-2(B) and (D)).
The time series of diatom total growth rate is similar to that
of the diatom concentration in both Experiments 2 and 3
(Figs. 7-1(C), (E) and -2(C), (E)). The maximum diatom total
growth rate appears earlier and higher with higher initial diatom
concentration (Fig. 7-1(E)). For the different cases with initial
mesozooplankton biomass, the diatom total growth rate is higher
and reaches its maximum earlier with lower initial mesozooplankton biomass (Cases 3-1 and 3-2; Fig. 7-2(E)).
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In Experiment 2, the maximum total grazing rate on diatoms
by mesozooplankton (0.24–0.30 (day1)) is similar among the
cases, but the timing of the peak is earlier with higher initial
diatom concentrations (Fig. 7-1(F)). The delayed peak of grazing
on diatoms with lower initial diatom biomass (Cases 2-1 and 2-2)
is due to slower accumulation of diatom biomass (Figs. 7-1(C)
and (F)). In Experiment 3, however, the total grazing rate
varies substantially not only in timing but also in magnitude
(Fig. 7-2(F)). With the highest initial mesozooplankton biomass
(Case 3-7), the total grazing rate on diatoms is low and peaks on
Day 45. This is because of the slower buildup of diatom biomass
(Fig. 7-2(C)). It seems that two cases with intermediate initial
mesozooplankton biomass (Cases 3-4 and 3-5) produce the
highest total grazing rate on diatoms, which results from high
diatom and mesozooplankton biomass (Figs. 7-2(C), (D) and (F)).
The intermediate initial mesozooplankton biomass could yield
relatively high biomass for both diatoms and mesozooplankton,
suggesting strong trophic links at any intermediate grazer density.
This ﬁnding is in good agreement with fundamental theory in
revealing that on food-web dynamics away from equilibrium,
weak to intermediate strength links are important in promoting
community persistence and stability because weak links act to

dampen oscillations between consumers and resources (e.g.,
McCann et al., 1998; Van der Meer, 2004). Therefore, the initial
level of mesozooplankton biomass, i.e., the condition of higher
tropic levels at the time of iron infusion, plays an important role in
determining the intensity of the iron-induced diatom bloom
(Tsuda et al., 2007) and total increase of mesozooplankton. This is
consistent with results from recent iron-fertilization experiments
in the Southern Ocean (the Antarctic Circumpolar Current
(EisenEx; Schultes et al., 2006) and the European iron-fertilization
experiment (EIFEX; Jansen et al., 2006), which revealed that high
feeding activity of diatom’s grazers prior to and during the ironinduced diatom bloom plays a large role in shaping diatom
population dynamics. The top-down (grazing) control on the ironinduced diatom bloom is evident even in the Southern Ocean in
which the response has been considered to be relatively lower
because of the substantially lower water temperature.

3.3. Relative impacts of physical and biological conditions
The maximum surface chlorophyll, D NO3, D Si(OH)4, D DIC,
D pCO2 sea, D NCP and D EP are compared among Experiments 1–3
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Table 3
Difference in each variable with Experiments 1–6.

Surface maximum chlorophyll (mg Chl m3)
Surface maximum NO3 decrease (mmol N m3)
Surface maximum Si(OH)4 decrease (mmol Si m3)
Surface maximum DIC decrease (mmol C m3)
Maximum pCO2 sea decrease (matm)
Column-integrated chlorophyll (mg Chl m2)
Maximum net community production
(mg C m2 day1)
Maximum export production (mg C m2 day1)

Experiment 1
(MLD)

Experiment 2
(PL)

Experiment 3
(ZL)

Experiment 4
(PS)

Experiment 5
(ZS)

Experiment 6
(ZP)

20
14
26
56
109
38
3100

14
8
10
37
67
8
2509

15
11
14
54
105
53
3789

6
10
7
31
55
5
2506

1
3
2
13
30
49
1434

2
2
2
11
22
7
905

(10)
(13)
(7)
(11)
(8)
(2)
(4)

1651 (7)

(3)
(2)
(2)
(3)
(2)
(1)
(3)

1438 (3)

(4)
(4)
(2)
(10)
(7)
(3)
(11)

1951 (15)

(2)
(3)
(1)
(2)
(2)
(1)
(2)

1126 (2)

(1)
(1)
(1)
(1)
(1)
(4)
(2)

532 (1)

(1)
(1)
(1)
(1)
(1)
(1)
(1)

421 (1)

Differences are obtained by subtracting a minimum value from a maximum value. The ratio of maximum value divided by minimum value is shown in parentheses.
Experiments were for variations of MLD (Experiment 1), initial diatom biomass PL (Experiment 2), initial mesozooplankton biomass ZL (Experiment 3), initial non-diatom
small phytoplankton biomass PS (Experiment 4), initial microzooplankton biomass ZS (Experiment 5) and initial predatory macrozooplankton biomass ZP (Experiment 6).

(Table 3; Figs. 5-1 and -2). It is interesting that the magnitude of
the diatom bloom in terms of the surface maximum chlorophyll
(Fig. 5-2(A)) differs only by a factor of 2.9 in Experiment 2,
although the initial diatom biomass differs by an order of 106.
For most of the variables, the ﬂuctuation is the greatest in
Experiment 1 (Table 3). For the column-integrated chlorophyll,
D NCP and D EP, however, the ﬂuctuation range is much larger in
Experiment 3 than in Experiment 1. Therefore, this modeling
study suggests that MLD is generally the most predominant factor,
but the initial mesozooplankton biomass is also very crucial,
especially in controlling the column-integrated variables such as
biomass, NCP and EP. In assessing the efﬁciency of ironfertilization experiments, the amount of atmospheric CO2 that is
absorbed by oceans can be a good proxy, and therefore, we should
pay more attention to the EP in the deep water and the ratio of the
EP to the NCP (e-ratio).
We have also examined the effects of iron enrichments on the
phytoplankton community in response to different initial nondiatom small phytoplankton (Experiment 4), microzooplankton
(Experiment 5) and predatory macrozooplankton (Experiment 6)
conditions, by changing from 0.001 to 1000 times (Experiment 4)
and from 0.01 to 30 times (Experiments 5 and 6) the standard
initial condition used in Fujii et al. (2005), respectively (Tables 1
and 3). The proﬁle of each variable vs. initial phytoplankton
biomass in Experiment 4 is a mirror image of that in Experiment 2
(Fig. 5-2), showing that the increase in the initial diatom biomass
corresponds to the decrease in the initial non-diatom small
phytoplankton biomass. The ﬂuctuation is mostly smaller in
Experiment 4 than in Experiment 2 except for D NO3 (Table 3),
indicating that the modeled D NO3 is more sensitive to the initial
non-diatom small phytoplankton than to the initial diatom
biomass. The overall model results (Table 3) show that the
plankton ecosystem is not very sensitive to variations in initial
non-diatom small phytoplankton (Experiment 4), initial microzooplankton (Experiment 5) or initial predatory macrozooplankton (Experiment 6). Therefore the ﬁndings of the latter
Experiments 4–6 will not further be discussed or shown in
graphics.

4. Concluding remarks
Using a marine ecosystem model, we examined the inﬂuence
of initial plankton conditions and MLD on the biogeochemistry of
HNLC regions. The modeled responses to the same iron enhancement treatment differed dramatically according to different MLDs.
The observed inverse relationship between the maximum surface
chlorophyll and MLD of eight different in situ experiments is well

simulated by variation of MLD for just one such experiment, even
though other conditions such as sea-surface irradiance are set
similarly among the simulations, and even though the model is
applied to merely one in situ iron-enrichment experiment
(SEEDS). This shows that the MLD is the predominant factor in
controlling iron-induced biogeochemical responses, as mentioned
by de Baar et al. (2005).
The signiﬁcant difference in the maximum surface chlorophyll
with MLD is primarily caused by diatom concentration in the
mixed layer, which is determined by vertical mixing. Other factors
that result from the change of MLD, such as temperature, light and
nutrients, play lesser roles on the formation of surface chlorophyll
maximum. The iron-induced diatom bloom is severely restricted
below the compensation depth due to both light limitation and
grazing pressure, irrespective of the MLD.
The initial biomass of mesozooplankton is also important in
determining the iron-induced biogeochemical responses. Higher
initial mesozooplankton biomass yields high grazing pressure on
diatoms, which results in less accumulation of diatom biomass
during the iron-enrichment period. Although the inﬂuences are
less signiﬁcant than those of the MLD in most variables, the
column-integrated chlorophyll, NCP and EP are more strongly
determined by the initial mesozooplankton biomass. As EP is a
key variable for assessing the efﬁciency of oceanic carbon uptake
by iron experiments, the importance of grazing to the outcome of
iron experiments should be more worthy of attention. Also we
need to keep in mind that efﬁciency could be evaluated using
different variables, i.e., with surface values vs. column-integrated
values, as is also suggested in this study that unlike the maximum
chlorophyll, the highest column-integrated chlorophyll appears
with intermediate MLD cases.
The initial biomass of diatoms is also important but is not as
crucial as the MLD and the initial mesozooplankton biomass in
determining the overall plankton community response to iron
enrichments. Diatom blooms occur in any initial diatom concentrations due to the very fast diatom growth rates stimulated by
iron addition. But the iron-induced diatom growth may not result
in the accumulation of diatom biomass under the high grazing
pressure imposed by extremely high initial mesozooplankton
biomass.
This modeling study suggests that in addition to the MLD,
initial plankton biomass, especially principal grazers on diatoms,
is a crucial factor in the response of phytoplankton community to
iron enrichments. The modeling result may account for the
different biological responses of SEEDS vs. SEEDS II, which were
conducted in the same location and in the same season of the
year. The notably higher surface chlorophyll during SEEDS
than during SEEDS II may primarily be due to the signiﬁcantly
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(3–5 times) lower initial mesozooplankton biomass at the
beginning of SEEDS compared with SEEDS II, because other
factors such as the initial diatom biomass and the physical and
chemical environmental conditions were very similar (Tsuda et al,
2007). The result from this study is also consistent with the
hypothesis that phytoplankton bloom development in the Southern Ocean is highly sensitive to both physical and biological
parameters that determine vertical mixing and phytoplankton
loss rates mainly due to grazing pressure (Mitchell et al., 1991;
Sakshaug et al., 1991; Lancelot et al., 1993). This suggests that the
modeling results from this study could be applied to other HNLC
regions and factors affecting the potential outcome of ironfertilization in these regions. The initial state of the plankton
community, along with physical and chemical environmental
conditions, should be taken into account when designing future
iron-enrichment experiments and observational plans.
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