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Abstract.  Phytoplankton community composition pro- ness of the predictions was determined. Change in the on-
foundly affects patterns of nutrient cycling and the dynamicsset and duration of stratification altered the timing and the
of marine food webs; therefore predicting present and futuremagnitude of the spring diatom bloom in the North Atlantic
phytoplankton community structure is crucial to understandand increased total phytoplankton and zooplankton biomass
how ocean ecosystems respond to physical forcing and nuin the North Pacific. Changes in nutrient concentrations in
trient limitations. We develop a mechanistic model of phy- some cases changed dominance patterns of major groups, as
toplankton communities that includes multiple taxonomic well as total chlorophyll and zooplankton biomass. Based
groups (diatoms, coccolithophores and prasinophytes), nuen these scenarios, our model suggests that global environ-
trients (nitrate, ammonium, phosphate, silicate and iron),mental change will inevitably alter phytoplankton commu-
light, and a generalist zooplankton grazer. Each taxonomiaity structure and potentially impact global biogeochemical
group was parameterized based on an extensive literatureycles.

survey. We test the model at two contrasting sites in the
modern ocean, the North Atlantic (North Atlantic Bloom Ex-
periment, NABE) and subarctic North Pacific (ocean station,
Papa, OSP). The model successfully predicts general patterns
of community composition and succession at both sites: Inajthough they account for less than 1% of the photosyn-
the North Atlantic, the model prediCtS a Spring diatom bloom, thetic biomass on Earth, oceanic phytop|ankton are respon-
followed by coccolithophore and prasinophyte blooms latersjple for upwards of 45% of global net primary produc-
in the season. In the North PaCifiC, the model reprOdUCEQion (F|e|d et a|_, 1998) The fate of net primary pro-
the low chlorophyll community dominated by prasinophytes dqyction in the oceans is, however, critically dependent on
and COCCOlithOphoreS, with low total biomass Var|ab|l|ty and Community Composition (Doney et a|_, 2002' Falkowski et
high nutrient concentrations throughout the year. Sensitivg|. 2003). For example, phytoplankton communities domi-
ity analysis revealed that the identity of the most sensitivenated by diatoms are associated with significantly higher car-
parameters and the range of acceptable parameters differqghn export production than flagellate-dominated communi-
between the two sites. We then use the model to prEdiCt COMijes (Dugda|e and Wi|kerson, 1998, Smetacek, 1999) Coc-
munity reorganization under different global change scenarcolithophorids influence alkalinity, the production of calcite
ios: a later onset and extended duration of stratification, withand dimethy! sulfide (DMS) and ocean albedo (Balch et al.,
shallower mixed layer depths due to increased greenhousggg?: |glesias-Rodriguez et al., 2002; Holligan and Robert-
gas concentrations; increase in deep water nitrogen; decreaggn, 1996; Tyrrell et al., 1999). Understanding the factors
in deep water phosphorus and increase or decrease in irofhat determine the distribution of key phytoplankton groups

concentration. To estimate uncertainty in our predictions, Weand their patterns of succession is a fundamentally important
used a Monte Carlo sampling of the parameter space whergyt elusive goal in marine ecology.

future scenarios were run using parameter combinations that | this paper we develop a mechanistic model of phy-

produced acceptable modern day outcomes and the robusfpplankton community structure and first apply it to two
characteristic and biogeochemically important regions of the
Correspondence to: E. Litchman open ocean (the North Atlantic and North Pacific) to describe
(litchman@msu.edu) patterns of seasonal succession in the modern ocean. Our
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586 E. Litchman et al.: Oceanic phytoplankton communities

model aims to capture general patterns of seasonal cyclesrovide an understanding of the factors leading to the success
in phytoplankton and apply it to contrasting regions of the of these organisms during the first half of the Phanaerozoic
global ocean, similarly to the models of Evans and Parslow(Falkowski et al., 2004).
(1985) and Fasham et al. (1990). We are interested in the Models that include more than one taxonomic group of-
long-term behavior of the model when the effects of initial ten divide phytoplankton into diatoms and small algae (e.g.,
conditions fade away. By examining the steady state predicflagellates; Moore et al., 2002). However, small algae are
tions, we can explore the long-term shifts in the community comprised of groups with very different biogeochemical im-
resulting from human impacts. While Evans and Parslowprints, e.g., coccolithophores versus non-calcifying small al-
(1985) considered seasonal cycles of phytoplankton as gae. Therefore, it is highly relevant to develop models with
whole, we develop a model to resolve seasonal phytoplankbetter taxonomic resolution where more groups are parame
ton dynamics at the level of functional groups. Functional terized explicitly. An explicit consideration of multiple func-
groups in phytoplankton are defined as groups of “organismsional groups of phytoplankton may also help improve the
related through common biogeochemical processes” and argeneral model performance (Bissett et al., 1999). The impor-
not necessarily phylogenetically related (Iglesias-Rpgez  tance of including more major functional/taxonomic groups
etal., 2002). However, some of the major taxonomic groupsin the phytoplankton models is even greater when global
of marine phytoplankton represent distinctly different func- change scenarios are considered; groups that are not abun-
tional groups (e.g., diatoms as a major silicifying group anddant in the present ocean may rise to prominence in the future
coccolithophores as a major calcifying group). Here we ex-ocean due to global change.
plicitly consider the following major taxonomic groups of
eukaryotic phytoplankton: diatoms, coccolithophores and
prasinophytes. Each group is parameterized based on an e2- Materials and methods
tensive compilation of the experimental data on nutrient up-
take and growth kinetics, allowing us to meaningfully con- 2.1 Model formulation and parameterization
strain key model parameters. To obtain a greater taxonomic
resolution one must consider multiple nutrients (two forms The model follows three functional groups of eukaryotic
of inorganic nitrogen, inorganic phosphorus, silica and iron).phytoplankton: diatoms, coccolithophoresand green flag-
This allows us to adequately separate controls for differentellates or prasinophytes (we will use “green algae” and
functional groups as the groups appear to be differentiated ifiprasinophytes” interchangeably throughout). We do not in-
their competitive abilities for these nutrients. clude nitrogen fixers because the model is presently applied
After testing the model against modern data, we use itto high latitudes where nitrogen fixation is not significant due
to explore how phytoplankton community structure and pat-to low temperature (Staal et al., 2003). We also do not in-
terns of seasonal succession may shift in response to globalude dinoflagellates in the model as in all preliminary runs
change. We have two main goals: (1) to identify and modeldinoflagellates were competitively excluded both in current
potential mechanisms of the community changes in the conand future ocean scenarios. Our data analysis indicates that
temporary ocean, and (2) to examine how potential changedinoflagellates are poor competitors for inorganic nutrients
in ocean mixing and nutrient availability potentially influ- (see below) and even low grazer preference of dinoflagel-
ence phytoplankton community composition over the nextlates did not result in their persistence. Mixotrophy likely
century. In addressing these goals, we ask whether a relontributes to the success of dinoflagellates in the ocean
atively simple model can recreate general patterns in phy{Smayda, 1997) but is not included in our model. As au-
toplankton distribution, seasonal succession in the moderitotrophic dinoflagellates are not abundant at NABE (Joint et
ocean. If so, what are the inferred mechanisms responsiblel., 1993) and OSP, we did not attempt to refine the model
for shifts in community composition? by including organic nutrient utilization by dinoflagellates.
Because our primary goal is to describe phytoplanktonConsequently, to reduce simulation times, we did not include
community dynamics, we model multiple functional groups dinoflagellates in subsequent runs. We, however, include
explicitly and include groups that are not often represented irphysiological parameter values for this functional group and
models (but see Gregg et al., 2003), i.e., the green flagellatdiscuss its potential competitive abilities for inorganic nutri-
class of prasinophytes. Recent studies indicate that prasinents for future reference.
phytes are an important component of eukaryotic picoplank- The biomass of each group increases through growth and
ton (van der Staay et al., 2001) and nanoplankton (Batp decreases by density-independent mortality (basal metabolic
al., 1998) and can contribute significantly to cell numberslosses and sinking), by dilution due to deepening of the
and production in various parts of the world ocean (Boyd mixed layer, and grazing (Eq. 1). The model variables and
and Harrison, 1999). Moreover, chlorophytes and prasinoparameters are given in Tables 1-3. The growth of each
phytes are thought to have been dominant phytoplankton irgroup can be limited by nitrogen (N) (nitrate and ammo-
the Palaeozoic ocean (Quigg et al., 2003), hence modelingium), phosphorus (P), silica (Si) (diatoms only), iron (Fe)
physical and ecological controls of prasinophytes may helpand light (I) (Eq. 2). For N, P and Fe we use a model
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formulation whgre growth depends on the intemal CONCeN-r 1o 1 Model variables.

tration of a nutrient (Droop, 1973). This formulation allows

us to track changing particulate nutrient ratios that deter- 4iaple symbol  units
mine patterns of nutrient export and is more realistic than

. - ) . i . -1
the Monod model in describing algal physiology and nutri- ~ Phytoplankton biomass B;v umol C L .
ent dynamics (Grover, 1991; Klausmeier et al., 2004). This ge:: q“c’:a :Org‘ QiP ”“mo: 'F\: (”mc’llg)_l
formulation also allows better parameterization as there are ~*, 149@ 70" Q,’ee pmol P umo )71
. . . Cell quota for Fe [0} nmol Fe «mol C)

multiple studies where Droop parameters are measured. Si- . . i 1
d dent th (for diat V) is d ibed by th Nitrate concentration N umol L

ependen grow (for diatoms only) is described by the Ammonium concentration N umol L1
M_onod formu_latlon where _gr_ovvt_h depends on the external Phosphorus concentration P umolL~1
Si concentration. We explicitly mcluo!e the d_epen_dence of  |on concentration Fe nmoltl
growth on Fe, in addition to N, P and Si, as Fe is an important  sjjicate concentration Si  pmolL™t
limiting nutrient in the subarctic North Pacific and may con-  Zzooplankton biomass 4 wumol C L1
trol phytoplankton, especially diatom, growth (Longhurst,  Depth of mixed layer IZmix M
1998; Boyd and Harrison, 1999; Tsuda et al., 2003) and is Incoming irradiance I mol quanta 2 day*

also relevant for future scenarios. Field studies demonstrate
that a large portion of primary production at OSP is depen-
dent on ammonium (Harrison et al., 1999), and therefore,

we included that N source in the model. Light—dependentwhereZmiX is the mixed-layer depth; is the phytoplankton

growth is described as a saturating function of irradiance any, i rate and the other variables are defined in Tables 1—
includes exponential light gradient and depth-dependent self3. Internal N, P and Fe concentrations are modeled accord-

shading according to Huisman and Weissing (1994). Growth,, v, proop (1973). They increase due to nutrient uptake
(b_|o_mass) limitation occurs according to Liebig’'s Law of the and decrease due to dilution by growth (Egs. 2 and 3). The
minimum, among all resources., ) guota for nitrogen increases via uptake of ammonium and

We use Evans and Parlsow's (1985) formulation to de-pjtrate and the growth depends on the total internal nitrogen
scribe the effects of changes in ocean mixed-layer depth 0Rqoncentration. The uptake of nitrate stops when the nitrogen
nutrient c_qncentr_athn and t_he ph_ytoplankton and zooplank-quota reaches the maximur@ay) and is lower in the pres-
ton densities. With increasing mixed layer dephix, NU-  ence of ammonium (Dortch, 1990) as described in Fasham et
trients are entrained into the water column which increases;| (1990), following Wroblewski (1977)0max for nitrogen
their concentration. Phytoplankton and zooplankton densito, each group is assumed to be 10-folddsin. The uptake
ties become diluted as the mixed layer deepens. Converselys p and Fe depends on the external concentration only.
zooplankton become more concentrated as the mixed-layer

depth decreases (Evans and Parslow, 1985).
dQlN — ¢~ YNHayN N < erxaxi B QtN )

+ maxi ;' N N N
h™ = maxh(t), 0), dt kY + N\ Oftaxi = Omini
whereh (1) = %mix yyNda T4 o )
dt maxi k,NH4 + NH 11X
dB; ah™ ¢ B
d—tl= Pi—mi——— =g — B (1) .
m kZZCij"i__ZCjB/Z in —yP. P _MPQP (5)
j:]. ]:l dt max i kP + P i 1
L
where
1— Q%in.i 1— Qr[;qin.f 1— Qﬁwein.i Si dQ::e Fe Fe Fe ~Fe
, or )\ ) (Mo ) s o = VmaxiFe, e M Qi ©®)
Mi=Mmaxi MIN 1 1 Lintk! i
i a; Bi+ap, i ? 14k

i=1

) Zooplankton density increases as a saturating function of
phytoplankton biomass, and the grazing depends on the

and relative zooplankton preferences for different taxonomic
groups of phytoplanktonc{) and changes as a function of

—Sa Bi+apg)zmix the relative abundances of different groups (as in Fasham

I =Ije =1 3) et al., 1990). Zooplankton density decreases due to
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Table 2. Group-specific model parameters. Values are medians for each group from our data compilation (see Appendix A for reference list),
unless noted otherwise. Where known, the 25th and 75th quartiles of the parameter distributions from the data compilation are also given.
Parameters that were not sufficiently constrained by the literature data and were allowed to vary for a better model fit (“free parameters”) are

marked with an asterisk.

Parameter Symbol, units diatoms dinoflag. coccos greens

Maximum growth rate umax, day 1 1.47 0.52 111 1.45
0.76-1.94 0.47-0.77 0.91-1.20 1.27-1.59

Minimum N cell quota %.v umol N (umol C)~1 0.067 0.045 0.022 0.029
0.02-0.07 0.04-0.05

Minimum P cell quota @, wmol P wmol Cy~1 1.3x10°3 2.8x10°3 1.4x1073  2.3x10°3
1.0x1073-1.7x1073  2.0x1073-3.0x10°3

Minimum Fe cell quoth QFem, nmol Fe gmol C)’ 3.3x10°3 1.9x10°3 7.2x1004  2.6x10°3

Si cell quot& QS, umol Si (wmol )1 0.3 0 0 0

Maximum nitrate uptake rate Nax. umol N (umol C dayy?  0.55 0.004 0.053 0.155
0.49-0.78 0.003-0.12 0.046-0.070 0.152-0.158

Maximum ammonium uptake rate N4 imol N (umol C dayy?  0.81 0.01 0.31 0.13
0.48-0.99 0.01-0.07 0.10-0.21

Maximum P uptake rate X{ax, umol P (umol C dayyl  0.50 0.17 0.23 0.56
0.32-0.74 0.05-0.40

Maximum Fe uptake rafe Vmeax, nmol Fe ¢zmol C dayy1 0.2 0.1 0.2 0.1

Half-saturation constant for nitrate uptake N kumol L1 1.25 5.0 0.2 3.41
0.93-1.58 2.5-6.3 0.15-0.21 1.94-4.88

Half-saturation constant Ne4 umol L1 1.1 8.38 0.2 0.08

for ammonium uptake 0.44-2.10 2.0-18.0 0.15-0.22 0.04-0.18

Half-saturation constant A umol L1 0.65 1.39 0.40 0.71

for P uptake 0.51-0.92 0.01-3.3 0.36-0.45 0.32-0.74

Half-saturation constant for Fe uptake kFe nmol L1 3.3 5.0 2.0 4.0

*Half-saturation constant for light-dependent grofvth k’ , mol quanta m?2 day 1 5.0 3.46 7.78 7.78

Half-saturation constant for Si-dependent growth k¢, wmol L—1 1.0 - - -

Phytoplankton light attenuatién a, mfumol C1 1.8x10°4 1.8x10°4 1.8x104  1.8x10°%

*Phytoplankton basal loss rate (includes sinking) ~ m, day1 0.16 0.05 0.16 0.16

*Grazing preferenée ¢, dimensionless 0.8 0.8 1.0 1.0

1 calculated from Sunda and Huntsman (1995), except for green él@mm Hutchins and Bruland (1998) for diatonisthis study based
on Maldonado et al. (2001A},this study,5 from Guillard et al. (1973)‘,5 converted from Fasham et al. (1990) assuming Redfield ratio between

carbon and nitrogen.

density-independent mortality and is affected by the chang-

ing mixed layer as described above:

Z:C,B2

i=1

. _
kY c¢iBi + Z CiBiZ
i=1 i=1

dz

C
di z8

NH4
KN 4 NHy

—P) (a
dFe

— = (Fe, — Fe
o (F&n )

9)

dP

%z(Pm

B 10
Zm|x> Z maxzkp ( )

h* - Fe
at+—\)-> V B;(11)
<mix i—1

External nutrient concentrations increase due to mixing from

across the thermocline and nutrient entrainment as the mixeg s;
layer deepens and decrease due to uptake by phytoplanktort;,~ = (Siin

dN ht
= (Njp—N) (a+—> —eYNH,
dt Zmix
Qmax,_QN )
1
Qmaxz lenz
dNH.
% = (NHg;,—NHy) (a + —)
dt Zmix
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i=1

n

- Z O7'Bi i

i=1

max,i kFe—
+
) (12)

F
. h
— 8i) (a + —
Zmix

Each phytoplankton group is represented as a single
“species”, with the values of the nutrient-related parameters
averaged over the range of compiled data for each functional
group (Table 2). Briefly, data on nutrient uptake and growth

from the published laboratory studies of nutrient-limited cul-

tures of species belonging to the major taxonomic groups
were collected and the groups-specific median values for

N N

o 2.1.1 Parameters
max;i kiN +N

(8)

/NHa
maxz
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Table 3. Non group-specific model parameters. Parameters that were not sufficiently constrained by the literature data and were allowed to
vary for a better model fit (“free parameters”) are marked with an asterisk.

Parameter Symbol, units Value Reference
Cross thermocline mixing al, mday 0.1 Fasham and Evans (2000)
Background light attenuation b m—1 0.05 Fasham and Evans (2000)
NHyg inhibition parameter W, (umol L=1)~1 15 Fasham et al. (1990)
*Zooplankton maximum grazing rate  gmol phyto C «zmol 10 This study (calculated based on Montagnes and
zoo C dayy? Lessard, 1999)
*Half-saturation constant for zoo- kyz, umol C L~1 15 This study (calculated based on Montagnes and
plankton grazing Lessard, 1999)
Zooplankton growth day? 15 This study
*Phytoplankton to zooplankton con-c;, umol zoo C tmol 0.15 This study
version efficiency phyto C day7y?
Zooplankton basal losses L EW 0.05 Fasham et al. (1990)
Deep water nitrate N, wmol L1 16.0t World Ocean Atlas (2001)
24.0
Deep water ammonium NE},, pmol L=1 1.0 This study
Deep water phosphate iR umol L—1 1.(5)2l World Ocean Atlas (2001)
2.
Deep water silicate Si, umol L—1 10.0t World Ocean Atlas (2001)
30.0 JGOFS data set
Deep water iron Fe, nmol L~1 1.0t Based on JGOFS PRIME data, Bowie et
0.6 al. (2002) and Johnson et al. (1997)

1 North Atlantic (NABE),2 North Pacific (OSP)

each parameter were determined. These values were used ltmvest half-saturation constant, followed by dinoflagellates,
parameterize the model (Table 2). Depending on a paramet@rasinophytes and coccolithophores (Table 2; Brand and
or a group, the median values were determined based on datauillard, 1981; Richardson et al., 1983; Langdon, 1988).
from 1 to 9 species. We used the carbon-normalized valueIhe maximum growth rates were assumed to be the same
where appropriate to minimize the effects of cell size. Theas for nutrient-dependent growth.

parameter distributions were compared among groups using Zooplankton-related parameters were chosen to repre-
either t-tests (pairwise comparisons between groups) or onesent microzooplankton more than mesozooplankton because
way ANOVAs. For many of the parameters, the distributions grazing at both sites appears to be dominated by the for-
had means significantly different across groups (Litchman efner (Weeks et al., 1993; Frost and Kishi, 1999; Harrison
al., unpublished data). Significant differences in major phys-et al., 1999). Maximum ingestion ratg, and the half-
iological traits of the functional/taxonomic groups suggestsaturation constant for ingestion, are taken from the litera-
that the average parameter values for each group may be repure for microzooplankton (ciliates; Montagnes and Lessard,
resentative of those groups and thus can be used in the tax-999). The phytoplankton to zooplankton conversion effi-
onomically resolved models of phytoplankton, allowing one ciency was calculated as the maximum zooplankton growth
to constrain key physiological parameters. rate (1.5 day?) divided by the maximum grazing ratg,

Fe utilization parameters were obtained from Sunda andvlaximum zooplankton growth rate and the coefficient for
Huntsman (1995)@min) and from Maldonado et al. (2001) zooplankton density-independent mortality are in the range
(Vmax)- As there are no published data on Fe utilization by of many models (e.g., Fasham et al., 1990). Some parame-
chlorophytes, including prasinophytes, we chose intermediters are not well defined in the literature (e.g., grazing pref-
ate values (between diatoms and coccolithophores) to reperence coefficients for each taxonomic grayjpand can be
resent their Fe-dependent growth and uptake in the modejjuite variable even for the same taxon, with diatoms, how-
(Table 2). Similarly, intermediate parameter values wereever, consistently having the lowest microzooplankton graz-
used to parameterize chlorophytes in the model by Gregdng preference coefficient (Gaul and Antia, 2001). For such
et al. (2003). Light-dependent growth parameters (maxi-poorly known parameters we used estimates from other mod-
mum growth rateumax and irradiance half-saturation con- els and allowed for more flexibility (i.e., changed values to
stant for growthk!) were chosen to represent general rank-improve model predictions), i.e., “free parametesshsu
ing of the modeled taxonomic groups: diatoms have theFasham et al. (1990) (see Tables 2 and 3 for “fixed” and

www.biogeosciences.net/3/585/2006/ Biogeosciences, 3, 585-606, 2006
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(a) were chosen to be similar to those from the World Ocean At-
las (Levitus, 2001; annual climatological means at 400 m for
300 350 NABE and at 110 m for OSP) and the JGOFS data set (Kley-
-100 | pas and Doney, 2001). Deep water ammonium concentra-
tions were set at LM at both sites. Iron concentrations were
T -200] chosen based on Bowie et al. (2002), Johnson et al. (1997)
= and iron concentration profiles from the JGOFS PRIME data
S 300 for NABE (Table 3).
A future
400l - ———— Lo - ___ 2.1.2 Seasonal forcing
present
- 500 The model was forced by seasonal changes in the mixed layer
depth and irradiance. The seasonal mixed layer was modeled
either by a piecewise linear function (NABE site) or by a
power sine function approximating the seasonal mixed layer
(b) dynamics (OSP). Both functions closely match the observed
. . . . . . . mixed layer depth dynamics (Figs. 1la and b). Using the sine
20 50 10,0 150 200 1259~ 300 350 function for the North Atlantic site gave qualitatively similar
$ \ future results. Irradiance (daily average PAR, 400—700 nm) at the
-40 top of the atmosphere for the given latitudes was modeled
- 60 as in Brock (1981) and the daily PAR reaching the ocean’s
g - 80 surface (;,,) was calculated as in Evans and Parslow (1985).
= o The model equations were solved using Mathematica soft-
g - 100 l present ware (Wolfram Research).
AR B L | N
- 140 N 2.1.3 Taxonomic differences in competitive abilities
Julian day Using the average parameters for each taxonomic/functional

group (Table 2), we determined the competitive abilities of
Fig. 1. Mixed layer depth (MLD) dynamics &) NABE, solid line all groups for major nutrients (nitrate, ammonium, phosphate
is the forcing function used in the model and circles are data fromand iron). The competitive abilities were characterized using
the JGOFS compilation (http://dss.ucar.edu/datasets/d3259.0/), alsme R* Concept, where the best Competitor has the |0v§@'st
shown is the MLD used in the global change scenarios (dasheghe resource concentration at which growth equals mortality
line); (b) same as in (a), only for OSP. (Tilman, 1982). For the Droop model formulation, tR& is

the following:

- kiﬂmaxi Qmin,imi
Vmaxi(Mmaxi —m;) — Mmax i Qmin,imi

“free” parameters). The background light attenuation coef-R; (13)
ficient (Table 3) is similar to values used in many models
(e.g., Evans and Parslow, 1985; Denman arithP£999) and  Symbol definitions and values for each taxonomic group are
is in the range reported by Kirk (1994) for clear oceanic wa-listed in Table 2. According to this expression, taxonomic
ters. Phytoplankton attenuation coefficient (same value fogroups differ in their competitive abilities for major nutri-
all taxonomic groups) was taken from Fasham et al. (1990)nts: diatoms and coccolithophores are generally good nu-
and expressed on a per carbon basis assuming the Redfieident competitors, having lowR*s for all nutrients, and di-
C:N ratio. Predicted carbon concentrations were convertechoflagellates are poor nutrient competitors (Table 4). As the
to chlorophyll to compare the phytoplankton biomass with R*s depend on mortalities, we used non-grazing mortalities
observations. We assumed chlorophyll to carbon ratios (grom the model (Table 2) to estimate groups’ competitive
Chl:mol C) of 0.18 for diatoms and 0.48 for coccolithophores abilities. For the given mortalities, coccolithophores and di-
and prasinophytes. These coefficients are within the reportedtoms are good competitors for nitrate and phosphate, and
values for chlorophyll to carbon ratios and have relative rank-prasinophytes are effective competitors for ammonium but
ings consistent with Geider et al. (1994). We did not modelpoor competitors for nitrate (Table 4). Based on the cho-
the dynamics of the C:Chl ratio as the reliable field data onsen Fe utilization parameters, coccolithophoieshixleyi)
these ratios in different phytoplankton functional groups areare the best Fe competitors, followed by dinoflagellates and
rarely available (Gregg et al., 2003). The cross-thermoclinediatoms and prasinophytes having poorer competitive abil-
mixing coefficient was taken from Fasham and Evans (2000)ities for Fe. In addition toR*s of each group, other eco-
The deep-water nitrate, phosphate and silicate concentratiorghysiological characteristics, such as light requirements and

Biogeosciences, 3, 585-606, 2006 www.hiogeosciences.net/3/585/2006/
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grazer resistance, contribute to the ecological success of indenomic group, successional pattern, timing and magnitude of
vidual species and functional groups. A poor competitor forthe diatom bloom (at NABE), degree of seasonality in nutri-
inorganic nutrients may still persist in the community due to ent drawdown, zooplankton abundance, we used multiple cri-

its high grazer resistance. teria to test the model performance with the changed param-
eter. We summarize these criteria in Table 5. The runs and,
2.2 Modern ocean verification consequently, the corresponding parameter values that met

all the criteria from Table 5 were considered acceptable. The

The model was tested using two data sets from sites that diferiteria for model assessment were constrained by the data
fer considerably in phytoplankton community structure andwhere possible (Table 5), with better constraints for OSP, as
patterns of seasonal succession. The North Atlantic regionthere are multi-year data available for this site. For example,
typified by the JGOFS North Atlantic Bloom Experiment site the lower and upper bounds for average yearly concentration
(NABE, 47 N 20° W) exhibits pronounced seasonality with of Si, N and chlorophyll were determined by the lowest and
a spring bloom of diatoms often followed by a non-diatom the highest yearly averages from the time series data for OSP.
bloom (Joint et al., 1993). Nutrients are depleted seasonally
(Longhurst, 1998). The North Pacific region, represented by2.4 Global change scenarios
the Ocean Weather Station Papa (OSP,N145 W), ex-
hibits much less seasonality in phytoplankton biomass, withwe considered the following aspects of global change that
no blooms of comparable magnitude and no seasonal dewill likely affect marine phytoplankton communities: global
pletion of nutrients. OSP resides in a High Nutrient Low warming-induced changes in mixed layer depth and the du-
Chlorophyll (HNLC) region of the global ocean (Longhurst, ration and timing of the vertical stratification period, shifts in
1998; Harrison et al., 1999). Iron (Fe) is likely an important the N:P ratios in deep water (increase in N concentration or a
limiting nutrient in this region (Boyd and Harrison, 1999; decrease in P concentration) and changes in iron deposition
Tsuda et al., 2003). These two regions of the world oceanboth increase and decrease). We applied five hypothetical
are important components in the global carbon cycle andscenarios to the communities of the two sites we considered
their phytoplankton community structure profoundly affects here: North Atlantic (NABE) and Subarctic North Pacific
the magnitude of the carbon flux (Hanson et al., 2000). (OSP).

The NABE data that we used to validate our model were
taken from the JGOFS web site (http://usjgofs.whoi.edu/2.4.1 Change in the mixed layer dynamics
jg/dir/jgofs/nabe) and the University Corporation for At-
mospheric Research (UCAR) web site (http://dss.ucar.eduA future increase in atmospheric greenhouse gases will likely
datasets/ds259.0/). The data for OSP were also obtainechange ocean mixed layer dynamics (Manabe et al., 1991,
from the UCAR web site (Kleypas and Doney, 2001). Sarmiento et al., 1998). We constructed scenarios for these

The goal of the verification procedure was both qualitativechanges in mixing dynamics owing to increases in atmo-
and quantitative agreement with the data, with an emphasispheric CQ concentration based on simulations of the global
on the presence or absence and relative abundance of certagoupled atmosphere-ocean-ice model described in Russell
functional/taxonomic groups, the pattern of seasonal successt al. (1995) and Miller and Russell (1997). Two 150-year
sion, and nutrient dynamics. We describe model results fomodel simulations were used in this study. The first was a
the two sites. The results reported represent model behavigrontrol simulation for the present climate in which atmo-
after it reaches a year-to-year equilibrium, i.e., the pattern isspheric greenhouse gases (GHG) are fixed at 1950 levels.

identical from year to year. The second was a greenhouse gas simulation in which car-
bon dioxide concentrations increase at the observed rate be-
2.3 Modern ocean parameter sensitivity analysis tween 1950 and 1990 and then increase at a rate of 0.5% per

year from 1990 to 2100. We used the last ten years of the
We explored how model behavior depends on the model paGHG simulation as the basis for constructing scenarios of
rameters and determined ranges of parameters that produchanges in mixed layer dynamics at the two sites. It is im-
adequate ecosystem dynamics at each site. A single paranportant to note that because global climate models generally
eter was altered at a time (Fasham et al., 1990) according thave limited ability to predict changes at single grid boxes,
the following scheme: the parameter space was scanned tiie scenarios here are only representative of possible future
the left and to the right from the original value (from 0 to 3 outcomes. For the increasing GHG scenario, the model sea
times the initial parameter value) using the bisection methodsurface temperature increased at both sites: 1.5 degrees in
(Press et al., 1992). For each new value of the parametewinter and 0.85 degrees in summer for the Atlantic site and
the model was run to an equilibrium annual cycle that wasl degree in winter and 0.6 degree in summer for the Pacific
compared to the model dynamics with the original param-site. For the GHG simulation the surface wind stress at both
eter value. As we are interested in a humber of model re-sites is higher than in the control simulation from December
sults including presence/absence and abundance of each tao-May, the same in June and July, and lower in the fall.
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Table 4. Competitive abilities of major functional group®g+s) for nitrate, ammonium, phosphate and iron calculated according to Eq. (13)
using parameters from Table 2. The lowgstindicates best competitive abilities for a given nutrient in the absence of grazers.

R* Ammonium Nitrate Phosphate Iron
(umolL=Yy  (umolL™1) (umolL=1) (nmolL~1)
Diatoms 1.6¢1072 2.8x1072  3.1x107%  1.2x1072
Dinoflagellates 2.9 6.7 96104  55x10°3
Coccos 3.&103  1.7x102  1.9x104  1.7x10°3
Greens 3.610%  1.1x10!  52x10%  2.3x10°2

Table 5. Criteria for assessment of the model performance during the parameter sensitivity analysis at eaghagite th2 maximum
biomass of zooplanktorufnol C L1), Bmax is the maximum biomass of a given taxonomic group of phytoplanktanao| C L™, N,
Nmin, Navg and Si, Siin, Siavg are the instantaneous, minimum and average (over the annual cycle) nitrate and silicate concentha}jons (
respectivelyChl, Chiynin and Chinax are the average, minimum and maximum chlorophyll concentrations over the annualayblaBE,

(b) OSP.

(a) NABE
Criterion Problem reported
Zmax<0.01 No zooplankton

Bmax, diat<0.01

Bmax cocco<0.01

Bmax green<0.01

Bmax, diat<6.0

Bmax, diat>40.0

Day of diatom max<90

Day of diatom max-140

Day of cocco max day of diat max
Day of cocco max-250

Day of green max day of diat max
Day of green max250

N on Julian day 1<3.0

Si on Julian day k3.0

Nmin>1.0

Simin>0.5

Chli after day of spring diat max0.05
for >15 consecutive days

No diatoms

No coccolithophores

No greens

Diatom maximum too small

Diatom maximum too big

Diatom maximum too early

Diatom maximum too late

Cocco max earlier than diatom max
Cocco max too late

Green max earlier than diatom max
Green max too late

N[1] too low

Si[1] too low

Nmin too high

Shnin too high

Summec€hl too low too long

(b) OSP
Criterion Problem reported
Zmax<0.01 No zooplankton

Bmax, diat<0.01
Bmax, cocco<0.01
Bmax, green<0.01
Zmax >5.0
Na\/g<5.5

Sia\/g< 10.0

Navg> 15.0
S|a\/g>250
Chlmin<0.03
Chlmax>4.2
Chi<0.28
Chi>0.8

No diatoms

No coccolithophores
No greens
Zooplankton too high
Navg too low

Shyg too low

'\bvg too hlgh

Shyvg too high

Chin too low
Chhax too hlgh

Chi too low

Chi too high
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Based on the climate model simulations, scenarios for an- @
nual cycles of mixed-layer depth at the two sites are con- ¢
structed and shown in Figs. 1a and b. Qualitatively, the shoal-
ing of the mixed layer depth at the Atlantic Ocean site oc-
curs about a month later and lasts longer for the GHG sce- _
nario due to changes in the wind stress. The mixing depth is_?
slightly shallower in the summer. At OSP the mixed layer 7,
depth decreases earlier in the spring and stays shallower%
longer under the GHG scenario. A decrease in the mixed ©
layer depth at a rate of about 63 m/century has been already
observed at OSP due to warmer temperatures (Freeland et
al., 1997; Woody et al., 1999). We quantified these general 50 100
scenarios as shown in Fig. 1 and applied them to the phyto- ®
plankton community model at both sites.

'S
T

w
T

diatoms

(S}
T

Zoovlankton (umol C L™

2.4.2 Change in the deep water N:P ratio ot N

Small increases in the deep water N:P ratios over several

s Si
decades have been reported at different parts of the world = 8¢ . A
ocean, including North Atlantic and North Pacific oceans 6f
(Pahlow and Riebesell, 2000eBoux et al., 2002), although s ;

the magnitude and the causes for such shifts are in dispute

2 £ X
(Gruber et al., 2000). We increased the deep water N:P ratios i\_ Yo\ .
at both sites by a) doubling the N concentration or b) halving 50 100 10 200 250 300 30
the P concentration. Julian day
2.4.3 Change iniron (Fe) deposition Fig. 2. Annual cycle at NABE of modeled (lines) and observed

(symbols) dynamics ofa) phytoplankton (total chlorophyll (mod-
Increased global mean temperatures will likely alter patterngeled — thick solid line and observed —dots), diatoms (thin solid line),
of atmospheric Fe deposition (Fung et al., 2000). Highercoccollthophorlds (gray_llne), prasinophytes (dotted_ line)) ar_ld Z0o-
temperatures may lead to higher precipitation and a subsg?lankton (thick dashed line and open squares);(apditrate (thick
quent decrease in the dust flux, or may increase soil ariditf'ond line and diamonds) and silicate (thin solid line and triangles)
and enhance the aeolian flux. The magnitude and sign of th@:‘fte'r the model reaches quasi-equilibrium.
change are hard to predict because of numerous feedbacks L ,
and uncertainties in future land use practices (Fung et al.2 9iven parameter combination predicted modern ecosystem
2000: Ridgwell, 2002). We explore the effects of both dou- dynamics. This allows us to decrease the effects of uncer-
bled and halved Fe deposition at both sites on phytoplanktoff@inty of model parameterizations. For parameters with a
community structure. The change in Fe deposition is mogXnown distribution (based on our database), we used the 25th

eled by changing the deep water Fe concentration, similar tg"d 75th percentiles to define the sampling range. For the

Fennel et al. (2003). rest of the parameters the ranges were defined as the pa-
rameter valuet1/2 of its value. If the model outcome and,
2.5 Robustness of the future scenario predictions consequently, the given parameter combination were deemed

acceptable for the modern ocean sites, the model with this
The global change scenario predictions may depend idiosynparameter combination was run under all five global change
cratically on a given combination of parameter values. It isscenarios and the key results such as average biomass of zoo-
possible that a different combination of parameters with eactplankton and each group of phytoplankton, average nutrient
of these parameters within its acceptable range may produceoncentrations, timing and magnitude of the diatom bloom
a different outcome under global change scenarios and thuor NABE only) were stored. A total of 100 random pa-
decrease the reliability of predictions. This problem is es-rameter combinations that produced acceptable present day
pecially acute in models with multiple functional groups, as model outcomes were run under global change scenarios for
limited data exist to parameterize such parameter-rich modeach site. For each key variable, the results from each global
els. To increase the robustness of our model predictions, wehange scenario were compared with the present day values
used a Monte Carlo approach where the model was run unebtained with the given parameter combination and reported
der present conditions with all parameters randomly selecteds percent change. To assess the variation in model predic-
from a predefined range and the model outcome was testetions, we report the 50th, as well as 5th, 25th, 75th and 95th
against the chosen criteria (Table 5) to determine how wellpercentiles of the prediction range for 100 acceptable runs.
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Fig. 3. Seasonal dynamics (over calendar yearja)fdiatom abundance at NABE (first panel, black line; the dynamics of the other two
groups are also shown in gray), their growth (solid line) and mortality (dashed line) rates (second panel), the relative contribution of each
resource to growth rate (the limiting resource is the resource leading to the lowest relative growth rate) and changes in the limiting resource
identity (last panel)(b) same but for coccolithophores a@) same for prasinophytes.

3 Results of the blooms also agrees with the JGOFS data for NABE
(Fig. 2a). The nutrient drawdown is highly seasonal, with ni-

3.1 Modern ocean verification trate, P and Si becoming depleted in the summer (Fig. 2b).
The growth rate of each phytoplankton group in the spring

31.1 North Atlantic Ocean greatly exceeds its mortality rate (Fig. 3, panel 2). The iden-

tity of the most limiting resource changes throughout the sea-
on and differs among groups (Fig. 3), thus justifying post
oc the need for a multi-nutrient approach. All groups are
light-limited in winter, early spring and fall, when mixed
layer is deep (Fig. 3). The increases of diatom and later coc-
colithophore and prasinophyte populations are possible when

At NABE, a typical seasonal succession pattern consists OE
low phytoplankton abundance in winter, a spring bloom of
diatoms with a subsequent bloom of non-diatom phytoplank-
ton, often coccolithophoridsEmiliania huxleyi) and other

flagellates (Lochte et al., 1993; Savidge et al., 1995; Broers S . . .
et al., 2000). The model predicts this seasonal successio['fht'"m'ted growth rate exceeds mortality (Fig. 3). During

pattern with the diatom bloom in spring followed by the e stratified period, diatoms are limited mostly by Si with

coccolithophore and flagellate blooms later in the summerb”ef periods of nitrogen and iron limitation, and the spring

(Fig. 2a). Al three groups coexisted stably over an annualdiatom bloom is terminated due to depletion of Si (Figs. 2

' ; : and 3). Growth of coccolithophorids is limited by either P
cycle. This pattern agrees with the JGOFS data and was also . oo . ) )
predicted by the model of Gregg et al. (2003). The magnitudeor N during the stratified period (Fig. 3b) and prasinophyte
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growth is limited by Fe and controlled by increasing grazer @
population and later on by the deepened mixed layer and [
decreased light availability (Fig. 3c). Zooplankton abun- £ r\/\
. . . . . - 2 zoo’ \I\

dance is also highly seasonal, with extremely low density in O
the winter and higher concentrations associated with phyto- ~ g st
plankton blooms (Fig. 2a). wr

z 2

S §

&

3.1.2 North Pacific Ocean ™

The observed community structure and seasonal patterns are 40
different at OSP from NABE. The biomass of phytoplank- 35¢ ] . R
ton does not exhibit high amplitude seasonal fluctuations. In 30F 4% 4

contrast with the North Atlantic, diatoms do not reach high = 25} « a2 a
densities because of severe Fe limitation (Tsuda et al., 2003). y
The eukaryotic phytoplankton community consists primar-
ily of prymnesiophytes, including coccolithophores, diatoms
and prasinophytes. Among coccolithophorEshuxleyi is

the most abundant species (Muggli and Harrison, 1996) and
can reach at least 40% of total phytoplankton biomass (Lam
et al., 2001). A characteristic feature of OSP is that prasino-

phytes contribute significantly to the total cell abundance,:ig_ 4. Ocean Weather Station Papa (OSP), modeled and observed

(Boyd and Harrison, 1999). Coccolithophores can be abungynamics of(a) phytoplankton (total chlorophyll (predicted — thick

dant as well and were previously underestimated (Harrisorsolid line and observed — dots), diatoms (thin solid line), coccol-

et al., 2004). ithophorids (gray line), prasinophytes (dotted line)) and zooplank-

ton (thick dashed line)p) nutrients: nitrate (predicted — thick solid

The predicted dynamics of the phytoplankton community line and observed — dots), Si (predicted — thin solid line and ob-

in our model agrees well with observations. Diatoms, coc-served — triangles).

colithophores and prasinophytes coexist stably at this site

(Fig. 4a). In contrast to NABE site, over the yearly cy-

cle, total mortality closely follows growth rate for all func- 3.2 Modern ocean parameter sensitivity analysis

tional groups (Fig. 5, panel 2). Diatoms do not bloom

and their biomass does not reach high values (Figs. 4a andihe results of the sensitivity analysis are given in Table 6.

5a). According to the model, diatoms are limited by light Different parameters have different sensitivities; some pa-

in the beginning and the end of year and by Fe duringrameters have a large effect on the model outcome and,

the stratified period (Fig. 5a). Coccolithophorid growth is hence, narrow ranges that produce acceptable model behav-
most limited by light and N with brief periods of Fe limi- ior (Table 5) and others do not. Sensitive parameters include
tation (Fig. 5b) and the net growth is controlled by grazing. Phytoplankton maximum growth rategfax), minimum Fe
Prasinophytes are limited by light and Fe and controlled byduotas Q). Si content of diatoms@S'), maximum uptake
grazing (Fig. 5¢). Total phytoplankton biomass at this siterates for nitrate {N,,), P (Vi>2,), Fe (VEE), half-saturation
exhibits little seasonality and does not attain values as higiconstants for uptake of ), Fe ("®), light-half satura-

as in the North Atlantic (Fig. 4a). There is, however, sometion constants k'), phytoplankton mortalitiesnf), group-
seasonality in the abundances of individual groups, with di-specific zooplankton grazing preferenceg),( background
atoms and prasinophytes achieving higher densities in latéight attenuation 4,), zooplankton maximum grazing rate
fall and winter and coccolithophores in the spring and sum-(g), half-saturation constant for zooplankton grazirg),(

mer (Figs. 4a and 5). Oscillations in phytoplankton and zoo-phytoplankton to zooplankton conversion efficiency) @nd
plankton biomass are likely predator-prey cycles and sim-zooplankton mortality ). Variation in other parameters
ilar oscillations were observed at this site (see OSP datavithin the set limits did not affect model results consider-
at http://dss.ucar.edu/datasets). Nitrate and Si remain higlably, i.e., the chosen criteria of the model results (Table 5)
throughout the year in the model, which agrees with obserwere met over the whole parameter range.

vations (Fig. 4b). Microzooplankton biomass varies ca. four- Another important result that emerged from the sensitivity
fold over the season (Fig. 4a), which also corresponds to obanalysis is that the parameter sensitivity differs between the
servations (Boyd et al., 1999). two sites. Both the identity of the sensitive parameters and

50 100 150 200 250 300 350
Julian day
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Fig. 5. Same as Fig. 3, only fdia) diatoms,(b) coccolithophores angt) prasinophytes at OSP.

the acceptable parameter ranges differed between NABE aneérs were narrower for OSP, thus indicating a relatively larger
OSP (Table 5). For example, maximum growth rates are senimportance of grazing at this site.

sitive parameters at both sites, but the ranges are tighter for

NABE (Table 6), as at this site phytoplankton have periods3.3 Global change scenarios

of high growth and thus model behavior depends strongly on

the maximum growth rate values, while at OSP such perioddiere we report the results of an ensemble of one hundred
are shorter due to severe Fe limitation throughout the yearuns with different parameter combinations that produced ad-
Also, light is an important factor at NABE as it determines €duate modern day dynamics at each site. This increases
the timing of the spring diatom bloom, and, consequently,the robustness of our predictions by diminishing their depen-
model behavior is sensitive to changes in half-saturation condence on a particular parameter combination.

stants for light-dependent growthk'{ and background light , ) .

attenuation ;) (Table 6). At OSP, Fe utilization param- 3-3-1 Change in the mixed layer dynamics

eters had large influence on the model outcome as eviden'&t NABE the diatom bloom is predicted to occur later in
from the narrow_acceptaple ranges for those pa rameters (Ta%ﬁe year, following later stratification, and the magnitude
ble 6). At both sites, grazing parameters (grazing preferenc%f the bloom will likely decrease (Table 7). The aver-
for each group¢;, zooplankton maximum grazing rate, ; ) . o

half-saturation constant for grazinig, and phytoplankton to age yearly biomass of diatoms is, however, similar to the

zooplankton conversion efficiency,) had a large effect on present day. In contrast, average biomass of prasinophytes

model behavior, but the acceptable ranges of those param éa_nd especially, zooplankton, increases significantly. The av-

érage yearly biomass of coccolithophores is more likely to
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Table 6. Results of the parameter sensitivity analysis for NABE and OSP sites. A single parameter was altered at a time. Parameter range (O
to 3 times the original value) was sampled to the left and to the right from the original value using the bisection method (Press et al., 1992).
Lower and upper limits define the range for each parameter that produces an acceptable model behavior as defined by the criteria listed ir
Table 5 with all other parameters at their original value. Parameter limits different from the original range are in bold indicating model
sensitivity to this parameter, also listed is the problem in the model behavior for parameter value beyond this limit. If there is no comment
by the parameter limit, the results of all runs within the given range met all the criteria listed in Table 5.

Default NABE OosP
value Lower limit Upper limit Lower limit Upper limit
max diat 1.47 1.27 2.49 1.11 3.35
green max before diat diat fall max > spring N too high Si too low
max max
max COCCO 1.11 0.61 1.64 %5 379
no coccos Simin too high because Chl too low N too high
diat peak small
Umax green 1.45 0.95 1.8 0.55 4.34
no greens green max before diat N too high
max
QM. diat 0.067 x10°° 0.18 2.0x107° 0.2
green max before diat
max
Q%in cocco  0.022 6.210°° 0.066 6.%10°° 0.066
Qfin green 0.029 801077 0.087 8.%10°7 0.087
ng diat 1.%107%  45x10°8 4.2x1073 4.5x1078 4.2x1073
QL cocco 141073 4.2x10°8 0.004 4.%10°8 4.2x1073
QP: green 2.%10°3 6.9x1078 0.0068 6.%1078 6.8x1073
QEfn diat 3.3x1073 1.0x1077 0.01 7.4x10°% 4.3x1073
Si too low Chlmin too low
Qk¢ cocco 7.%104  2.2x107°8 2.2x1073 2.2x1078 2.2x1073
Q¢ green 2.610°3 7.9x10°8 5.0x1073 7.9x1078 6.3x1073
no greens N too high and greens
low
QS diat 0.3 0.17 0.38 0.14 0.57
diat max too big Nmin too high Si too high Si too low
VN diat 0.55 0.26 1.44 0.31 1.44
Nmin too high N too high
VY . cocco 0.053 5.0x10~% 0.16 1.6¢10°6 0.16
no coccos
v, green 0.155 50106 0.46 4.%10°8 0.46
greens low
vNHL diat 0.81 2.510°° 2.43 2.5¢107° 2.43
VNH2 cocco 0.31 9.510°6 0.93 9.5¢10°6 0.93
VNH2 green 0.13 39106 0.39 3.9¢10°6 0.39
vE . diat 0.50 0.021 1.51 0.015 1.51
Simin too high N too high
VP . cocco 0.23 0.03 0.68 0.01 0.68
no coccos Chl too low
VEaxgreen 0.56 0.045 1.67 0.011 1.67
no greens N too high
vke diat 0.2 0.033 0.6 0.14 0.60
green max earlier than greens very low Chlpin too low greens somewhat low
diatom max
vEe cocco 0.2 0.008 0.60 0.0084 0.35
no coccos greens low Chl too low Chlmin too low
vEe, green 0.1 0.05 0.30 0.041 0.30
no greens N too high, low greens
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Default NABE OSP
value Lower limit Upper limit Lower limit Upper limit
kN diat 1.25 3.&10°° 3.75 3.8<10°5 3.75
kN cocco 0.2 6.¥10°6 0.60 0.135 0.60
greens low Chlmin too low
kN green 34 1.81074 10.2 1.0<1074 10.2
KNH4 diat 11 3.%10°° 3.2 3.%10°° 3.2
kNH4 cocco 0.2 6.¥10°6 0.6 6.1x10°6 0.6
KNH4 green 0.07 221076 0.2 2.310°6 0.2
kP diat 0.65 0.05 1.95 0.03 1.95
Nno coccos Chl too low because
greens and coccos low
kP cocco 0.40 1.2107° 1.2 0.0076 1.2
Chlmin too low
kP green 0.71 0.027 2.1 0.015 2.1
Nno coccos N too high
kFediat 3.3 0.86 9.9 0.76 4.9
no greens no greens Chlmin too low
kfe cocco 2.0 0.14 6.0 1.2 6.0
no greens Chlmin too low
kFe green 4.0 0.025 8.1 0.56 9.9
Simin too high no greens N too high N too high, greens low
k! diat 5.0 0.93 8.43 1.5x1074 9.4
fall diatom bloom green max earlier than N too high
larger than spring diatom max
bloom
k! cocco 7.8 2.1 23.3 241074 23.3
diatom max too small, N somewhat high
coccos bloom early
k! green 7.8 41 23.3 241074 23.3
green max earlier than Si high
diatom max
k57 diat 1.0 3.x10°8 3.0 3.0<10°° 3.0
a diat 1.8¢1074 5.5x1079 5.4x1073 5.5x1079 5.4x1073
a cocco 181074 5.5x1079 5.4x1073 5.5x1079 5.4x1073
agreen 18104 5.5x1079 5.4x10°3 5.5x10~¢ 5.4x10°3
m diat 0.16 0.08 0.19 4.9x10°6 0.2
Nmin too high, diat max diat max too small Chlmin too low
too early and small
m cocco 0.16 0.08 0.26 4.9x10°6 0.46
cocco max earlier than no coccos Chl too low because coc-
diat max cos low
m green 0.16 0.13 0.21 4.9x10°6 0.28
green max earlier than no greens N too high, no greens
diat max
c diat 0.8 0.009 2.4 0.08 1.46
diat fall bloom larger N too low N too high
than spring bloom,
N[1] too small
¢ cocco 1.0 1.5x1074 3.0 0.52 3.0
no greens N too high
cgreen 1.0 1.2x1073 3.0 0.09 3.0
no coccos Si too high because greens low
diat low
al 0.1 0.035 0.3 0.014 0.28
no greens Chlmin too low N too high
Apg 0.05 0.027 0.067 1.5x1078 0.077
fall diat max bigger diat maxtoo late Chlmin too low
than spring diat max
v 15 4.6¢107° 45 4.6¢10°° 45
g 10 4.72 16.6 5.27 12.7
no greens summer Chl too low too N too low N too high

long
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Table 6. Continued.

Default NABE OSP
value Lower limit Upper limit Lower limit Upper limit
kz 15 8.0 34.0 11.8 29.3
summer Chl too low no greens N too high N too low
too long
C; 0.15 0.071 0.25 0.08 0.19
no greens summer Chl too low too N too low N too high
long
m; 0.05 0.019 0.11 0.04 0.09
Npmin too high, coccos no greens N too high N too low
and greens low
Nin 16.0t 5.0 18.5 22.3 325
24.C% N[1] too low Npmin too high N too low N too high
NHgi, 1.0 3.1x10°6 3.0 3.1x10°6 3.0
Pi, 1.0t 0.14 3.0 0.11 75
2.5 Npin too high Chi too low
Siip 10.0t 8.0 17.0 20.5 35.5
30.0 Nmin too high diat max too big Si too low Sitoo high
Fe, 1.0t 0.44 3.0 0.42 1.8
0.6% no greens N too high N andSi somewhat low

increase, although for some parameter combinations it coul®.3.3 Change in iron (Fe) deposition
decrease (Table 7). Nutrients remain at low levels for a larger
part of the year due to prolonged stratification. At OSP in Doubling the Fe concentration at NABE (from 1 to 2 nM)
the North Pacific, a longer stratification period with a shal- leads to a significant increase in average biomass of prasino-
lower mixed layer depth (Fig. 1b) will lead to an increase phytes, no change in diatom biomass and a decrease in
in average nitrate and silicate, average biomass of diatomsoccolithophore average biomass (Table 7). The aver-
and prasinophytes, and consequently, of average chlorophylhge chlorophyll concentration and zooplankton biomass in-
Average zooplankton biomass will also increase significantlycrease. Halving the Fe concentration at NABE (from 1 to
(Table 7). The average yearly biomass of coccolithophore®.5nM) strongly decreases prasinophyte abundance, and for
will likely be similar to the present day. some parameter combinations prasinophytes get excluded
due to increased iron limitation under this scenario. In con-
trast, average biomass of coccolithophores increases signifi-
cantly and diatom biomass as well as the magnitude of spring
diatom peak may decline slightly. Total chlorophyll concen-
tration decreases, as well as the microzooplankton biomass.
The doubling the Fe concentration at OSP consistently in-
In the North Atlantic, the increase of the deep water N:P ra-creases average biomass of diatoms, prasinophytes, average
tio (by decreasing P concentration by half, from 1 to,0\6 chlorophyll concentration and zooplankton biomass. Coc-
P) in deep water leads to lower average coccolithophoresolithophores decline under this scenario. Nutrients (e.g.,
biomass, with no major change in the average biomass oN, Si) are utilized more efficiently and their average con-
green algae and diatoms, but a smaller spring diatom blooneentration decreases (Table 7). Halving the Fe concentration
(Table 7). Average chlorophyll concentration and zooplank-leads to a decline in diatoms, prasinophytes, average chloro-
ton biomass will likely decline (Table 7). In the North Pa- phyll and zooplankton biomass. For some parameter com-
cific, the increase in N:P deep water ratio by halving P con-binations, prasinophytes are excluded from the community.
centration (from 2.5 to 1.26M) has a much smaller effect Coccolithophores increase in abundance. Due to severe Fe
on ecosystem dynamics compared to the North Atlantic sitelimitation, uptake of macronutrients is lower, leading to their
the magnitude of changes in key variables is much smallehigher average concentrations (Table 7).
(Table 7). The phytoplankton and zooplankton dynamics re-
tain pronounced seasonality at NABE and low seasonality at
OSP. An increase in the N:P deep water ratios by increasing Discussion
nitrate concentration (2-fold increase) does not have a large
effect at the two sites, the community composition and dy-Our mechanistic phytoplankton community model with
namics remain similar to the present day (Table 7). minimal physics captures the principal characteristics of

3.3.2 Change in the deep water N:P ratio
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Table 7. Present day and global change scenario predictions for key variables. Present day values were obtained with parameter combinatior
given in Tables 2-3. Future changes are expressed as the percent change relative to the present day value of a given variable. The first lin
for each combination is the 50th percentile, second line are the 25th and 75th percentiles and the third line are the 5th and 95th percentiles o
100 parameter combinations that gave acceptable modern day results for a given site. An increase of the variable is highlighted in bold and
a decrease is underline®.jqt, Ecoccoandﬁgreenare the average biomass of diatoms, coccolithophores and green algae (prasinophytes),
respectively.Chl, Bzoop are the average chlorophyll and zooplankton concentration, respectivly.diat and Bnax, diat are the timing

(Julian day) of the diatom maximum and its biomass, respectilelndSi are the average nitrate and silicate concentrati(a)INABE,

(b) OSP.
(a)
NABE Bdiat Bcocco Bgreen Chl Bzoop tmax, diat Bmax,diat
uMC uM C uMC ugL~1 uMC day uMC
modern 0.69 0.21 0.08 0.26 0.31 131 23.2
Change in MLD +2% +6% +26% +5% +99% +10% —19%
—6%, +10% —12%, +39% +4%, +91% —0.5%, +12% +77%, +132% +9%, +14% —38%,—4%
(—18%, +17%)  (—41%, +137%) (—23%, +565%) (—16%, +33%) (+60%, +205%)  (+7%+116%)  (—71%+6%)
2xFe 0% —13% +37% +6% +15% —1% +2%
—2%, +2% —35%, 0% +6%, +113% +6%, +14% +4%, +42% —2%, 0% —0.1%, +9%
(—23%, +5%)  (—81%, +12%)  (—1%, +626%)  (—9%, +40%)  (—1%, +88%) (4%, +0.2%)  (—A6%+45%)
1/2xFe —5% +22% —84% —12% —18% +2% —8%
—13%, +0.5% —1%, +114% —100%,—50% —21%,—4% —27%,—9% 0.7%, +3% —41%, 0%
(—66%, +4%)  (—14%, +732%) (—100%,_10%) (-33%, +30%) (_55%, +11%)  (—0.5%+9%)  (—79%, +20%)
2xN 0% —1% 0% 0% +2% 0% +1%
—0.6%, +0.1% —4%,+0.5% —3%, +5% —1%, +1% +1%+7% —0.2%, 0% 0%, +2%
(—4%, +0.7%)  (—36%,+19%)  (—6%, +41%)  (—3%, +8%) (0%, +30%) (—0.5%, +0.5%)  (—5%, +4%)
1/2xP +0.5% —30% —0.5% —7% —15% 0% —18%
—3%, +4% —67%,—14% —13%, +15% —13%,—3% —33%,—8% —0.7%+0.4% —37%,—3%
(—14%, +8%)  (—100%, +1%)  (—92%, +64%)  (—20%, +4%)  (-54%, +1%)  0%+1% (—50%, +6%)
(b)
OospP Bdiat Bcocco Bgreen Chl Bzoop N Si
uMC uM C uMC ng L1 uMC umol L=1 umol L=1
modern 0.45 0.47 0.16 0.38 11 12.6 19.5
Change in MLD +20% 0% +33% +13% +35% +26% +6%
+14%, +29% —5%, +4% +21%, +71% +9%, +16% +32%, +39% +20%, +35% +3%, +11%

2xFe

1/2xFe

2xN

1/2xP

(+6%, +40%)
+27%

+18%, +34%
(+8%+59%)
—33%
—41%,—22%
(—=73%,—13%)
0%
—0.1%,—0.03%
(—0.2%, 0%)

0%
0%, +0.7%
(—1%, +8%)

(—12%, +13%)
—13%
—18%,—7%
(—28%, +1.8%)
+10%

+4%, +14%
(—4%, +21%)
0%

0%, +0.06%
—0%,+0.3%

0%
—0.6%, 0%
(6%, +0.5%)

(+8%, +176%)
+47%

+28%, +119%
(+14%, +224%)
—59%
—100%,—32%

(+4%, +21%)
+10%

+6%, +13%
(—1%, +19%)
—4%
—17%,—10%

(+29%, +44%)
+32%

+26%, +36%
(+22%, +46%)
—32%
—36%,—27%

(=100%,—19%)
0%
—0.1%, 0%

(—23%, +3%)
0%
—0.02%, 0%

(=0.2%, +0.3%)

0%
—0.5%, +0.3%
(—4%, +5.8%)

(—0.1%,
+0.1%)

0%

—0.3%, 0%
(—1%, +0.7%)

(—41%, —24%)
0%

0%, +0.1%
(0%, +0.3%)

0%
~3%, +0.1%
(—10%, 0%)

(+14%, +57%)
—38%
—50%, —30%

(—1%, +21%)
—27%
—39%,—-17%

(—64%, —20%)
+51%

+40%, +80%
(+27%, +124%)
+263%

+225%, +313%
(+206%, +423%)

0%
~0.1%, +0.4%
(—3%, +2%)

(=67%, +10%)
+26%

+18%, +41%
(+10%, +68%)
0%

0%, +0.1%
(0%, +0.1%)

0%
—0.3%, 0%
(=3%, +0.4%)

phytoplankton dynamics over the annual cycle. The modelincluding growth dependence on P allows for better separa-
is capable of reproducing the distinctly different patterns oftion of different functional groups. Moreover, some regions
abundance and succession at two characteristic sites of thaf the ocean are P-limited at present and the extent of such
ocean. Although we aimed at developing a simple model,areas may increase in the future (Ammermann et al., 2003).
we included multiple nutrients that can limit phytoplankton The model also predicts limitation by multiple resources over
growth, e.g., P, which is often omitted from the ocean phy-the course of the year. Using Droop formulations for ma-
toplankton models. There are compelling reasons to includgor nutrients also allows for non-Redfield phytoplankton sto-
P into the models of marine phytoplankton. Our data com-ichiometry and carbon and nutrient drawdown ratios (Klaus-
pilation shows that major taxonomic groups differ in their meier et al., 2004), observed at these sites (Bury et al., 2001).
competitive abilities not only for N but P as well. Therefore,
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As we aimed at modeling phytoplankton community struc- dicted by the model, the magnitude of the spring diatom
ture, we did not include some key ecosystem variables suchloom decreases with longer stratification period under the
as bacteria or dissolved organic matter. Instead, we conglobal change scenario. At the same time, coccolithophores
centrated on adequately describing major ecological control&nd prasinophytes, having higher half-saturation constants
of the main functional groups of eukaryotic phytoplankton, for light-dependent growth, are likely to increase under this
such as nutrients, light and grazing. The community com-scenario at NABE (Table 7). Stimulation of coccolithophores
position and succession are sensitive not only to the levelby prolonged stratification has been observed in the Bering
and ratios of resources but to grazing parameters as well. I18ea, where an unusually long stratification period in 1997
is likely that models with greater taxonomic resolution of and 1998 had lead to massive coccolithophore blooms (Napp
phytoplankton are more sensitive to grazing parameter valand Hunt, 2001; lida et al., 2002). Recent global satellite data
ues than models considering only total chlorophyll dynamics.analysis also showed strong association of coccolithophore
A high sensitivity to grazing parameters has been observedlooms with highly stratified conditions (Iglesias-Ruagires
in other ecosystem models (see references iaP2003) etal., 2002).
and underscores the importance of quantifying grazer impact Dinoflagellates have parameter combinations that result in
on community structure. A systematic parameter sensitivitya less efficient acquisition of inorganic nitrogen and phos-
analysis revealed other sensitive parameters and the rangebate, compared to other groups, as per the compilation of
that produce acceptable model behavior. Where possible, whterature data. These characteristics do not allow for their
compared the acceptable ranges of parameters obtained in tipersistence under limitation by those nutrients. Future im-
sensitivity analysis with parameterizations from other mod-provements of the model should include the mixotrophic
els of multiple phytoplankton functional groups (e.g., Moore mode of nutrition by dinoflagellates. Including of the
et al., 2002; Gregg et al., 2003). In many cases those paranmixotrophy for dinoflagellates (prey ingestion and higher
eterizations fall within our estimated ranges (e.g., maximumgrowth efficiency at low light) in a recent model by Fulton
growth rates). et al. (2004) allowed for persistence of dinoflagellates, while

Predicting phytoplankton community patterns under fu- with the phototrophic mode of nutrition only dinoflagellates
ture scenarios is uncertain due to difficulties in parameter-declined to negligible densities (Fulton et al., 2004).
ization and may depend on model structure and parameter As our analysis suggests, prasinophytes are relatively poor
combinations. We explored this uncertainty using Monte nitrate competitors (Table 4) and, consequently, they can be
Carlo techniques where future scenarios are run with mul-abundant where nitrate is not depleted (HNLC regions). For
tiple parameter combinations that produced acceptable modexample, at OSP (HNLC region) high prasinophyte abun-
ern day dynamics. To our knowledge, this is the first suchdance is observed (Varela and Harrison, 1999) and predicted
attempt to reduce the uncertainty of predictions in a modelby our model. According to the available data on Fe utiliza-
with multiple phytoplankton functional groups. Our future tion, coccolithophores are good Fe competitors and, conse-
predictions are based on randomly chosen parameter sets thatiently, increase under decreased Fe deposition, while di-
get the modern dynamics right. Most of the model predic-atoms and prasinophytes decline. Our predicted long-term
tions are qualitatively robust, with key variables showing the effects of the Fe concentration increase such as the increase
same pattern of change independent of the parameter combdf diatoms in the HNLC areas and a more efficient nutri-
nation. For example, a decrease in Fe concentration robustlgnt drawdown agree well with the short-term experimental
increases the abundance of coccolithophores and decreasgs fertilization results (Boyd et al., 2000; Tsuda et al., 2003)
the prasinophyte abundance at both sites (Table 7). Simiand with the predictions of other models (Moore et al., 2004).
larly, average zooplankton biomass will likely increase sig- Other predictions are less intuitive, such as the decrease of
nificantly under the predicted changes in MLD dynamics atcoccolithophores at both sites under increased Fe deposi-
both sites. The magnitude of change in key variables is, howtion. Increased Fe availability decreases the importance of Fe
ever, more dependent on the parameter combinations. competition and allows poorer Fe competitors (diatoms and

The competitive rankings of major taxonomic groups prasinophytes) to dominate. Our results on community shifts
based on experimental data and our model predictions arander various Fe deposition scenarios are greatly dependent
consistent with the observed patterns of the community strucen the group-specific Fe utilization parameters. More ex-
ture in the ocean. Diatoms grow at lower light, have high perimental data on Fe-dependent growth and uptake by ma-
maximum growth rates and, as our results suggest, are gogdr phytoplankton groups, e.g., prasinophytes, are critical for
N competitors. These traits enable them to increase aheagenerating credible predictions.
of other groups as irradiance increases due to spring increase Changes in nutrient ratios in deep waters have been ob-
in solar declination and shoaling of the mixed layer (Sver-served in various parts of the ocean. For example, in the
drup, 1953). A later onset of stratification delays the oc-Mediterranean Sea the Si:P ratio has declined due to an an-
currence of spring diatom bloom. With a shallower mixed thropogenic increase in phosphate input over the last few
layer depth, light availability increases, thus, diminishing the decades (Bthoux et al., 2002). Physical mixing brings nu-
competitive advantage of diatoms. Consequently, as pretrients at altered ratios to the upper ocean. Consequently,
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changes in ambient nutrient ratios may shift community com-the timing of the phytoplankton bloom accounted for 89%
position due to differential requirements and competitive of variance in the survival of larval haddock in the North
abilities of the phytoplankton functional groups for major nu- Atlantic, where a 5-week delay in spring bloom decreased
trients. the fish survival index more than 5-fold (Platt et al., 2003).
Based on our literature survey, it appears that major funcHistoric variation in the mixed layer dynamics and conse-
tional groups are significantly different in their nutrient uti- quent changes in primary productivity have been shown to
lization patterns and competitive abilities. We have includedaffect commercial fisheries in the Pacific as well (Chavez et
these differences in the model. However, a number of paramal., 2002).
eters that are likely to be group-specific (light-attenuation co- The scenarios for changes in mixed layer dynamics are
efficients, ammonium inhibition constants, maximum graz-based on simulations of a global climate model and should
ing rates and phytoplankton to zooplankton conversion effi-be considered only as representative of possible future out-
ciencies) were assumed to be the same for all groups. Pogomes. Global models are still not very reliable for making
sible refinements of the model can include a group-specifigredictions for changes at specific sites. Predicting changes
choice of the above-mentioned parameters or including othem mixed layer depth are particularly difficult because they
physiological processes such as photoinhibition. This will require accurate representation of changes in ocean tempera-
allow for an even greater separation of different functional ture and salinity and atmospheric wind stress. Another factor
groups. In addition, nitrogen fixers (cyanobacteria) must becomplicating predictions of the future ecosystem dynamics
included to apply the model to other sites (e.g., tropics ands the potential phenotypic or genotypic changes in phyto-
subtropics) in the global ocean. They can also be explicitlyplankton and zooplankton’s eco-physiological traits induced
modeled in the future versions of this model to more fully ex- by climate change. Such changes are not considered by our
plore the effects of warming at NABE and OSP, as increasednodel, as they are poorly known. They, however, may set
temperatures may stimulate nitrogen fixation. We do not in-ecosystem dynamics on trajectories very different from the
clude an explicit temperature dependence of physiologicabnes predicted by our model.
processes as the immediate goal was to explore the indirect Increased concentration of greenhouse gases may alter
effects of global warming on the phytoplankton community stratification patterns and reduce Fe deposition. Our results
structure but such dependence may also be included in thimdicate that these key consequences of global change may
future versions of the model. Other factors not included inshift competitive interactions among phytoplankton and de-
the model may also be important: increased,®dll likely crease diatom distribution and abundance in different parts
lower the pH of the ocean and this may have a drastic effecof the world ocean. Decreased diatom abundance may in
on calcifying organisms, including coccolithophores (Orr et turn decrease efficiency of carbon export production (car-
al., 2005). The rates of calcification and growth of the coc-bon sequestration) and increase G®the atmosphere, thus
colithophoreEmiliania huxleyi decrease under highCO, creating a positive feedback between phytoplankton com-
and may shift community dominance to non-calcifying phy- munity structure and climate change. The predicted shift
toplankton (Engel et al., 2005). toward dominance by coccolithophores under some global
In our model each functional group is represented by onechange scenarios would enhance biocalcification and thus
composite “species” with the key parameter values averagedignificantly changepCO, (Doney et al., 2000) and global
over a range of species. Thus, the model is capable of dealbedo (Tyrrell et al., 1999). The predicted increase in
scribing only the “average” behavior of each group. Futureprasinophyte abundance may also significantly alter carbon
refinements could explicitly model within-group variability sequestration patterns and trophic interactions by stimulat-
(e.g., size-related differences) by including more than oneng microzooplankton growth. Human-induced changes in
compartment for each taxonomic group. physico-chemical ocean characteristics almost certainly will
Our study indicates that changes in mixed layer dynam-alter the structure of phytoplankton communities and thus
ics may change both the timing and magnitude of the phy-have a profound effect on ecosystem structure and global
toplankton blooms as well as community composition. Sig-biogeochemical cycles. Using composite characteristics of
nificant changes in community composition due to climatic major taxonomic groups based on the extensive experimen-
alterations are being observed in the world ocean and ar¢éal data compilation may allow for meaningful parameteriza-
referred to as the “domain shift hypothesis” (Karl et al., tions of phytoplankton community models that can then be
2001). A disappearance of individual species or functionalused for qualitative predictions amenable to mechanistic in-
groups as predicted in some global change scenarios matgrpretation.
have a dramatic effects on community and ecosystem dynam-
ics (Berlow, 1999). The later timing and smaller magnitude
of the diatom bloom in the North Atlantic under the increased
greenhouse gas scenario may have profound consequences
for higher trophic levels, e.g., the survival of larval stages of
the commercial fish populations. A recent study showed that
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