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Abstract. The response of ocean phytoplankton commu-face temperature and changes in light are predicted to have
nity structure to climate change depends, among other faca stronger impact on small phytoplankton than on diatom
tors, upon species competition for nutrients and light, asbiomass in all ocean domains. Our analytical predictions
well as the increase in surface ocean temperature. We praexplain reasonably well the shifts in community structure
pose an analytical framework linking changes in nutrients,under a modeled climate-warming scenario. Climate driven
temperature and light with changes in phytoplankton growthchanges in nutrients, temperature and light have regionally
rates, and we assess our theoretical considerations againgrying and sometimes counterbalancing impacts on phyto-
model projections (1980-2100) from a global Earth Sys-plankton biomass and structure, with nutrients and tempera-
tem model. Our proposed “critical nutrient hypothesis” stip- ture dominant in the 455—-45% N band and light-temperature
ulates the existence of a critical nutrient threshold beloweffects dominant in the marginal sea-ice and subpolar re-
(above) which a nutrient change will affect small phytoplank- gions. As predicted, decreases in nutrients inside tH&45

ton biomass more (less) than diatom biomass, i.e. the phy45° N “critical nutrient” band result in diatom biomass de-
toplankton with lower half-saturation coefficiet are in-  creasing more than small phytoplankton biomass. Further
fluenced more strongly in low nutrient environments. This stratification from global warming could result in geograph-
nutrient threshold broadly corresponds to 85and 45N, ical shifts in the “critical nutrient” threshold and additional
poleward of which high vertical mixing and inefficient bi- changes in ecology.

ology maintain higher surface nutrient concentrations and
equatorward of which reduced vertical mixing and more effi-
cient biology maintain lower surface nutrients. Inth€ 8 1 |ntroduction

45° N low nutrient region, decreases in limiting nutrients —

associated with increased stratification under climate changg&arth system models are emerging with increasing sophisti-
— are predicted analytically to decrease more strongly thecation in, for example, ocean ecology and biogeochemistry,
specific growth of small phytoplankton than the growth of with complex modules incorporating increasing number of
diatoms. In high latitudes, the impact of nutrient decreaseplankton groups (e.g., Moore et al., 2002, 2004; Aumont et
on phytoplankton biomass is more significant for diatomsal., 2003; Lima et al., 2004; Le Quere et al., 2005; Schmit-
than small phytoplankton, and contributes to diatom declinesner et al., 2005; Follows et al., 2007) and improvements
in the northern marginal sea ice and subpolar biomes. Irin the representation of limiting nutrients such as iron (e.g.
the context of our model, climate driven increases in sur-Moore et al., 2006; Moore and Braucher, 2008). It is there-
fore important to analyze the basic ecological equations be-
hind these models and offer analytical frameworks for under-
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Understanding phytoplankton distribution is important, aspresent analysis focuses on the surface, annual mean dy-
phytoplankton are responsible for almost half of the totalnamics. The behavior of the ecological system is based on
global primary production (Field et al., 1998). Phytoplank- a set of complex, coupled differential equations describing
ton consume inorganic carbon during photosynthesis and arthree main phytoplankton types: diatoms, small phytoplank-
an essential part of the transport of organic carbon from the¢on and diazotrophs, as well as model nutrients. Laboratory
upper to deep ocean. Diatoms, a phytoplankton group withand field incubation studies demonstrate that different phy-
siliceous tests, are thought to (a) be better at exporting cartoplankton species drawdown nutrients with greater or lesser
bon to the deep ocean and (b) be grazed less efficiently thaafficiency. This can be expressed using nutrient half satura-
nano or picophytoplankton. By contrast, small (hano or pico)tion (K) values, with lowerk phytoplankton drawing down
phytoplankton are lighter and sink less readily than diatomsnutrients more efficiently in the stratified low latitudes. Fur-
so they tend to be associated with higher surface recycling othermore, different phytoplankton types have different light
inorganic nutrients and carbon and less efficient carbon transrequirements, and their response to light will also depend on
port to the deep. Any future changes in the relative contribu-their chlorophyll to carbon ratio (Chl/C), the initial slope
tion of these or other important phytoplankton types to theof the photosynthesis-irradiance (P-1) curve, nutrient concen-
total ocean biomass could thus have a significant impact ortrations and temperature.
elemental stoichiometry, ocean biogeochemistry, and ocean In the present paper we propose a new “critical nutrient
carbon storage (e.g., Smetacek, 1999; Falkowski et al., 2004 ypothesis”: changes in nutrients, whether positive of neg-
Cermeno et al., 2008), as well as higher trophic levels thafative, will always change the biomass of small phytoplank-
are dependent on them (Falkowski et al., 1998, etc.). Suchon (a) more than diatom biomass in the nutrient-scarce low
ecological processes are poorly understood, and have onlgnd mid latitudes, but (b) less than diatom biomass in nu-
recently been incorporated in global climate models. trient rich high latitudes, with the separation between these

Predicting the response of phytoplankton community two types of biomes determined by a “critical nutrient” value.
structure to climate change is complicated by the fact that~urthermore, we show analytically and verify in a fully cou-
phytoplankton growth depends on temperature and competipled global climate model simulation for the 1980-2100 pe-
tion for light and nutrients, all of which change as the climate riod that climate driven increases in temperature and changes
warms. While the overall effects of climate change on thein light always preferentially affect small phytoplankton, the
biomass of phytoplankton has been addressed in recent stughytoplankton with lowehalf saturation coefficient Kcom-
ies (Boyd and Doney, 2002; Le Quere et al., 2003; Bopp etpared to diatoms.
al., 2001, 2005), none of these studies has analyzed in a the- The above mechanisms are developed and verified in the
oretical framework the separate impacts of changes in lightframework of a Geider et al. (1998) photosynthesis model in-
nutrients and temperature on the biomass and global districorporated in the CCSM3 global climate model. While Gei-
bution of main phytoplankton groups. der et al. (1998) has become the model of choice for repre-

At low and mid-latitudes, the effect of reduced upwelling senting light limitation and phytoplankton growth in the most
has been argued to result in reduced nutrient supply (andecent state-of-the-art climate models (Le Quere et al., 2005;
increased light efficiency), with a net negative impact on Moore et al., 2002, 2004), future research needs to be done
biomass and marine production (Sarmiento et al., 2004to confirm the validity of our proposed mechanisms in a wide
Steinacher et al., 2010). Using data from an AMT cruise spectrum of models and in nature.
in the Atlantic Ocean, Cermeno et al. (2008) showed larger
coccolithophorid-to-diatom biomass and diversity ratios for ) )
deeper nutricline depth (i.e., in more stable, less nutrient rich?  Biogeochemistry Ecosystem Model

upper-ocean water columns) in the present ocean, and sugs o . . . .
P ) P Bur analysis is based on global numerical simulations using

gested a future transition from diatoms to Coccollthophorldsthe Community Climate System Model version 3 (CCSM3,

following a (_:Ilr_nate driven sf[ablhzat_lon of the water column. see Collins et al., 2006a), to which has been added prognos-
These predictions are consistent with a couple of global mod-. .
: . ) . I tic land and ocean carbon cycle and ecosystem dynamics.
eling studies, which have projected a decrease in diatom rel- ; ) .
. : . : : We use the low spatial resolution version of the CCSM3 as
ative abundance (fraction of diatoms to total biomass) in low ;

. . . . detailed by Yeager et al. (2006). The CCSM3 atmosphere

and mid-latitudes (Bopp et al., 2005) with climate change, . . )

: . ) . and land models share the identical grid B33, a 96 by

ascribed to decreasing nitrate in the surface layer. In con- . . . .
: ; 48 spectral dynamical grid of approximately 3> #®rizon-
trast, a longer growing season and decreased ice cover has : .
al resolution, and the atmosphere component model (Collins

been suggested to lead to increased marine biomass and thgfc'al., 2006b) has 26 levels in the vertical at this resolution.

production at high Iatitudes.(Bopp etal., 2001, Sarmiento QEt'I'he land component has been modified from the Community
al., 2004; Doney, 2006; Stemaqher etal., 2010.)' . Land Model version 3 (Collins et al., 2006a) to incorporate
Here we study the differential impact of climate driven : .
oupled carbon and nitrogen cycles as well as an improved

changes in upper ocean nutrients, tem_perature and IIgrﬁydrological scheme, as described in Thornton et al. (2009).
on phytoplankton biomass and community structure. The
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The ocean physics component of CCSM3 is the Parallemospheric CQ. The time-evolving simulated atmospheric
Ocean Program (POP), a z-level, hydrostatic, primitive equaCO, concentration is used in the atmospheric radiative trans-
tion model (Smith and Gent, 2002; Collins et al., 2006a). fer routines, and the land and ocean carbon sources/sinks re-
The version integrated here has the so-called gx3v5 resaspond to changes in simulated atmospherie G€@mperature
lution, i.e., 3.6 in longitude, 0.8 to 1.8 in latitude (finer  and climate.
resolution near the equator), and 25 vertical levels with en- In our model, the diatom, small phytoplankton, and dia-
hanced vertical resolution in the upper compared to the deegotroph chlorophyll and biomass (carbon) tracers each are
ocean (Yeager et al., 2006). The ocean model uses the Gedetermined by an equation of the form:
and McWilliams (1990) parameterization of mesoscale eddyj p,
transport effects and (in the vertical) the Large et al. (1994)? + V- @hy) = V- (K- VP)

K-prpflle pa_ram(_eterlz_atlon of s_u_rface boundary-layer dy- _ P — G(P,) — my - P, — A(P,) (1)
namics and interior diapycnal mixing. i i ) i

The biogeochemistry-ecosystem-circulation ocean modeWhere the Ieft—hand .S|de terms mclude_ advection gnd diffu-
(BEC) model consists of upper ocean ecological (Moore eSion, and the biological terms on the rlght-hand §|de repre-
al., 2002, 2004) and full-depth biogeochemical (Doney etsent_a source term due to_grovvth and_multlple sinks dL_Je to
al., 2006) modules embedded in the global 3-D POP ocearazing (Holling type Ill), linear mortality and aggregation
general circulation model. The biogeochemistry module fol- (Sduare dependence éy).
lows Doney et al. (2006) and is an expanded version of the 1h€ photosynthetic specific growth raig for each phy-
Ocean Carbon Model Intercomparison Project (OCMIP) bi- toPlankton typex (diatoms, small phytoplankton and di-
otic model (Najjar et al., 2007). This model includes a car- azotrophs) is parameterized along the lines of Geider et

bonate chemistry module, which dynamically calculates sur@l- (1_998) as the product of a maximum phytoplankton C-
face pCO, from simulated temperature, salinity, dissolved SPECIfiC growth rateves (referenced to 36C), a temperature

inorganic carbon and total alkalinity, as well as air-sea gasfunﬁt'o'?l_(Tf%' a nutrient funct|ona| respons#,( and a light
exchange for C@and &. A dynamical iron cycle is in- availability function €.):
corporated with seasonally-varying atmospheric dust depoi, = et - T5 - Vi - Ly (2)

sition, water-column scavenging and continental sediment, . o iiref is 3" for diatoms and small phytoplankton

source using the parameterizations in Moore et al. (2008)(Geider et al., 1998) and 0.4 4 for diazotrophs. The tem-
The absorption of shortwave radiation depends on the Simberature function is the so-called Q10 function:

ulated chlorophyll distribution, thus allowing for biological
feedbacks in ocean physics. T = 2( 0°C ©)

The followi h lank -
e folowing phyloplankion groups are repre While the temperature function is identical for all phyto-

sented: small phytoplankton class (which incorporatesI Kt | dif t oh lankion h i f
nano/picoplankton and coccolithophores), nitrogen-fixingp_an on classes, diterent p ytop anxton have ditierent nu-
glent and light requirements (i.e., differeWit andL,). For

diazotrophs, and diatoms. A single zooplankton class graze o
\azotrop ! Ingle zoop graz each of the three phytoplankton types, the most limiting nu-

differentially on the phytoplankton groups. Additional prog- ™ t th trient functional foll .
nostic variables include suspended and sinking particula’[érlen governs the hutrient functional reSponse as 1oflows:

matter, DIC (dissolved inorganic carbon), Alk (alkalinity), Vgiat = min(vd':igt, VdIYat’ Vdsi;%,vdﬁg“);

O2 (oxygen) and dissolved nutrients: Mammonia), NQ o Fe uN P

(nitrate), PQ (phosphate), Si@ (silicate) and Fe (iron). Ysp = min(Vey, Vep. Vep ):

The model fixes the phytoplankton C/N/P ratios but aIIowsV_ — min(vFe VPO“) (4)
for variations in Fe/C, Si/C and Chl/C ratios depending on ' 932 = diaz *diaz
ambient nutrient and light availability. The parameterization

of nitrogen fixation follows Moore et al. (2006). A thorough N,\%s NH,4

validation of ocean-only simulations was recently performedwhererNOsz—Kx : : VXNH4:—KX ‘ :

%O%c))mparing with a host of observables (Doney et al., 1+%+ ;‘;@ 1+%+%
The sequential spinup of the coupled climate model is de-vY = yNOs 1 yNHs

tailed in Thornton et al. (2009), resulting in a global model PO, o Fe o SiOg

with a stable climate and carbon cycle. In brief, a 1000- V%= ————: V= Ve =350, )
year preindustrial control simulation is followed by a tran- PO+ K Fet ki Si03+ K

sient simulation for the 1870-2099 period. We use 1870-The light functionL, follows a modified form of the Gei-
1999 historical data to prescribe fossil fuel £€missions,  der et al. (1998) dynamic growth model and includes photo-
and CQ emissions from the SRES A2 scenario for the pe- adaptation parameterized with adaptive Chl/C ratios:
riod 2000—-2099. The balance between fossil fuel emissions — oy - 6 - Ipar

and net land and ocean G®ources/sinks governs model at- Lx(par Tt, Vx) = 1 — exF’(W)

(6)
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Table 1. Model parameters.

Parameter  Value Units Definition

asp.adiat 0.3 mmol C nf (mgChl Wd)‘1 Initial slope of P-1 curve for small phyto and diatoms
adiaz 0.036 mmol C A (mgChiwd)y ! Initial slope of P-I curve for diazotrophs

Mfgf, Mfé?t 3 d-1 Max. small phytoplankton and diatom C specific growth rat& gt
M?é?z 0.4 a1 Max. diazotrophs C specific growth rateZags

K;\'po3 0.5 mmol N n3 Small phyto. NQ half saturation coefficient

KszH4 0.005 mmol N n73 Small phyto. NH half saturation coefficient

KE® 6x107° mmol Fe m3 Small phyto. Fe half saturation coefficient

Ksppo4 3.125x 1074 mmol Fent3 Small phyto. Fe half saturation coefficient

Kg:% 25 mmol N n13 Diatom NO; half saturation coefficient

K('j\::t“ 0.08 mmol N nT3 Diatom NH, half saturation coefficient

ke, 15x104 mmol Fe nT3 Diatom Fe half saturation coefficient

K;gt“ 0.005 mmol PQ m—3 Diatom PQ, half saturation coefficient

K;ia% 1 mmol Sig;m—3 Diatom Si half saturation coefficient

KGe, 1x10°4 mmol Fe 3 Diazotrophs Fe half saturation coefficient

Kgig; 0.005 mmol PQ m—3 Diazotrophs P@ half saturation Coefficient

ugg™ 2.75 a1l Max zoo growth rate on small phytopl at 3G

ugex 2.07 a1 Max zoo growth rate on diatoms at 30

U 1.2 a1 Max zoo growth rate on diazotrophs at3D

my 0.1 a1 zooplankton linear mortality rate

agg™ 0.2 d1 max. aggregation rate for small phyto

a2 0.2 d1 max. aggregation rate for diatoms

agi‘gg 0.01 al min. aggregation rate for diatoms

gsp-&diaz  1.05 mmol C n13 zooplankton grazing coefficient for small phytoplankton and diazotrophs
gdiat 0.9-1.05 mmol C nT3 zooplankton grazing coefficient, diatoms

Psp pdiat ~ 0.009 (mmolCy? m3d-1 Small phytoplankton/diatom quadratic mortality rate

whereq, is the initial slope of the photosynthesis-irradiance (Eq. 2) approaches its high limit;es7; V. In low light, L,
(P-1) curve for phytoplankton type assumed to be 0.3 for approaches&,6; Ipar/ (1ref Tt V) and the photosynthetic rate
diatoms and small phytoplankton (Geider et al., 1998), 0.036Gapproaches the linear relationshipéy Ina;, Which is inde-

for diazotrophs and we defined pendent of temperature and nutrient limitation.
Chl The largest loss term in Eq. (1) is due to grazing. The
05 = <?) (7) model has one zooplankton class with biomZghat grazes
x adaptively on phytoplankton and large detritus; grazing fol-

The ratio inside the exponential in Eq. (6) is a ratio betweenlows a Holling type Il functional response:

the instantaneous light harvesting capaeity; Ipar and the )

maximum photosynthetic rateref7Vy. At high light in- & p\— max 1. . ( Py )Z ®)
tensity, L, approaches 1 and the photosynthetic growth rate . P2 + g2

Biogeosciences, 7, 3943959 2010 www.biogeosciences.net/7/3941/2010/
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a. Surface Diatom Biomass b. Diatom Nutrient Limitation

Limiting Factor

Temp
Si

Limiting Factor

Temp

Limiting Factor

Temp

Fig. 1. Global maps ofa, c, e)surface diatom, small phytoplankton and dizotroph biomass in mmot @&well agb, d, f) the mixed layer
depth limiting nutrients averaged over the control period, years 1980-1999.

Grazing is higher for small phytoplankton (larger maximum called “K strategists”. Diatom relative (or fractional) abun-
grazing rateu™®¥ see Table 1) and is assumed for sim- dance is defined as the diatom biomass divided by the to-
plicity to have the same temperature dependence/vis  tal phytoplankton biomass (Fig. 2). Diatoms, so-called “r
phytoplankton growth.g, is a zooplankton grazing coeffi- strategists” in the ecological literature, are better at taking up
cient set to the same value for small phytoplankton and dianutrients in low light, high nutrient environments and thus
zotrophs, and smaller for diatoms (Table 1). Finally, the lossdominate in the highly seasonal high latitudes, where they
of biomass via aggregation of organic matter is parameterexhibit higher nutrient saturated growth rates. Diatoms fol-

ized as: low the vertical velocity patterns, with higher values in up-
o max ) welling and convective regions such as the equatorial Pacific,
Aggreg Py) = m'”(ax Py, px Px) (®)  southern Ocean and upwelling regions on the west coast of

continents (Figs. 1a, 2). Light and temperature limited dia-
zotrophs grow only in low latitude warm waters where they
are limited by either iron or phosphorus and fix all the ni-
trogen they need from Ngas (Fig. 1e, f). Increased strati-
fication results in a decrease in low latitude phosphate from

The three phytoplankton types compete for nutrients and-980 to 2100 and a switch from iron to phosphorus limita-
light; the relative magnitude of the half-saturatiai co-  tion for Atlantic and Indian low latitude diazotrophs (figure
efficients for the different species (Table 1) as well as the"Ot shown). Since diazotrophs have much smaller biomass
nutrient saturated growth rate are essential for determiningoncentrations than either the small phytoplankton or the di-
the outcome of competition. Because of their high affinity 2&0ms, our analysis will mostly focus on the competition be-
for nutrients and low resource requirements (loethan  tween the latter two species.

diatoms, see Table 1), small phytoplankton dominate over The nutrient limitation patterns for diatoms and small phy-
diatoms and diazotrophs roughly from about &5to 45 N toplankton are similar (Fig. 1b, d), with nitrogen as the
(Figs. 1 and 2). In the competition theory literature (e.g., main limiting nutrient in the mid-latitude Atlantic and In-
Tilman, 1977), organisms such as small phytoplankton thatian Oceans for both diatoms and small phytoplankton, and
invest energy in adaptation to low nutrient concentrations ar@ron the main limiting nutrient in the Pacific and in all ocean

3 Analysis and results

3.1 Ecological response to climate change

www.biogeosciences.net/7/3941/2010/ Biogeosciences, 7, 39582010
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Diatom relative abundance Decreasing nitrate supply over large areas in the Indian
and Atlantic Ocean north of 4% (Fig. 4b) translates in
decreases in diatom growth rate, biomass and abundance
(Figs. 3d, e, 5b, e, h). In the high latitudes of the North-
ern Hemisphere, diatoms show a stronger negative response
to nutrient decline than small phytoplankton, such that their
relative fractional abundance decreases significantly (by 6 to
15%) north of about 40N (Figs. 3e, 5h and diatom-small

=gl ! ‘ ! ! ! ! phytoplankton abundance differences in Fig. 5i). Overall,
oo oW o o0t e0° we note a close correlation between diatom nutrient func-

tional response and diatom biomass and abundance, as pre-

Fig. 2. Diatom relative abundance (no units) defined as the frac-viously reported (e.g. Bopp et al., 2005). The shape of the
tional contribution of diatom biomass to phytoplankton biomass, ;onal mean change in diatom relative abundance (Fig. 3e) is
averaged for years 1980-1999. similar to that reported by Bopp et al. (2005).

A reduction in mixed layer depth (due to enhanced strat-
ification) combines with shrinking ice cover (Fig. 3c) to in-
crease light availability for phytoplankton in high latitudes,
as discussed in previous work (e.g., Doney, 2006). Small

small phytoplankton are iron limited, and in the western Pa- " .
o ; o . phytoplankton show a stronger positive response than di-
cific Ocean, where diatoms are limited by silicon rather than ) O . . P
atoms to increases in high latitude light availability, such

iron, an essential nutrient necessary for diatom shell forma- . )
y that small phytoplankton growth rate, biomass and relative

tlon._ ngra!l, the large-scale d|atom.and sm allp hytOpIanktonabundance increase both south of 80and north of 60N
nutrient limitation patterns change little with climate change (Fig. 5a, d, g)

from 1980 to 2100 (figure not shown). . L .
A . . . . Can we analytically separate the individual impacts of
Model projections of climate driven changes in physics L :
changing light, nutrients and temperature on phytoplankton

and nutrients are shown in Figs. 3—4. Climate change results owth rates? We use a standard Tavlor series expansion of
in a warmer surface ocean and an increase in the strength e y €S exp )

. : he specific growth rate (Eq. 2) around some initial state:
the global hydrological cycle, acting to freshen the surface

90°N

45°N

45°S

basins south of 455. Significant differences are found in
the Arctic Ocean, where diatoms are nitrogen limited while

ocean particularly at the poles (Fig. 3). The combination of Oy Oy
Mx = - Alpar +
warmer and fresher surface waters reduces surface water den-"* ol P V.
X K K e . Pariv,, Tt constant X 1par, Tt constant
sity and acts to increase the vertical stratification of the upper 5
water column. Oceanic vertical stratification, expressed in. AV, + M - AT (10)
aT‘f Ipary V.\' constant

Fig. 3b as the density difference between surface and 200 m,
increases at most locations in the ocean with climate warmxg is customary, we retain the first order (linear) terms in

ing, and results in reduced supply of subsurface nutrients tqnq expansion, dropping higher order quadratic terms (e.g.

the su_rface thr_oughout most of the ocean, as apparent in surAsz, AT, Alpar) which tend to be considerably smaller than

face nitrate (Fig. 4b). _ the first order perturbations. Taking into account the fact that
A goal of this paper to understand the separate impactshe |ight limitation functionL, is a function of/pay, V, and

of large-scale changes in nutrients, temperature and light O we expand the terms in Eq. (10) as detailed in Appendix A
phytoplankton specific growth rates, and see to what exteng,q get:

these changes are reflected in the biomass and relative abun- iaht .

dances of the different phytoplankton. Figure 5 shows cli- Ay = Auy® " + ApMM + Ape™ (11)
mate drlven_changes n specn‘lg growth rgte, biomass anc1‘he light function, nutrient and temperature contributions to
carbon relative abundance (defined for diatoms as the r h i
: . . . e growth rate change are:
tio of diatom biomass to total phytoplankton biomass) for

both small phytoplankton and diatoms. Changes are approx-, light BT . Alpar AV AT}
imated from the linear trends of the deseasonalized monthly” /= *Vxpar Ipar V, T
data for 1980-2099 (multiplied by 120 years). Climate —ay - 0°
. T . . x_* Apar
driven changes in biomass are partly driven by changes in : eXp<#) (12a)
specific growth rates, as suggested by similarities in the Href ¥ If
respective large scale patterns in the 8545 N domain  Ap™" = e - THL, - AV, (12b)
and parts of the Southern Ocean. Areas where the patterns emp
strongly diverge (e.g., north of 45l for diatoms) are areas Apx — = pref - Ly Vy - ATq (12c)

where grazing (and to a lesser extent linear loss and aggrega- .
tion) hr?ve firs% (()rder importance 99r%%here Ipar, Vi and T; represent the initial state, and the

A notation refers to small perturbations around this state.

Biogeosciences, 7, 3943959 2010 www.biogeosciences.net/7/3941/2010/
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a. ASST (°C) b. A Stratification (kg/m®) ¢. A Ice fraction d. A Biomass (mgC/m®) e.ARelative Abundance(%)
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T
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-60 = -60
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Fig. 3. Zonal mean response to climate change (calculated as difference from years 1980-1999 to 2080-2099apéehesurface
temperature irfC, (b) fractional change in sea surface stratification, defined as surface minus 200 m densiﬁ),(@rﬁhe ocean area
covered by sea ice in 38m? per degree(d) total (black), small phytoplankton (green) and diatom (red) biomass (m)Ginu(e) diatom
(red) and small phytoplankton (green) relative abundance (no units).

a. Surface NO; b. A Surface NO;

blhhbbo00-Nw
P

hhdbpao=NWwArO

Fig. 4. (a—b) surface nitrate in mmol/ﬁlaveraged over 1980-1999 and the change in nitrate between years 1980-1999 and 2080—-2099.
Same as above fqc—d) the surface iron in nmol/fand (e—f) surface irradianceépar in W/m2. Surface irradiance takes into account the
decreasing ice coverage.

The growth rate terms Eq. (12a)—(12c) show the contribu- We next define thenarginal sea ice biomeas the North-
tion of changes in light, nutrients and temperature to biomas®rn or Southern Hemisphere provinces covered by sea ice
changes. These terms, calculated from the linear trends iduring some part of the year (but which are not permanently
monthly light, nutrients and temperature for years 1980-covered by sea ice), averaged for years 1980-1999. The
2099, are illustrated in Fig. 6 for both diatoms and small subpolar biomesre defined as the areas poleward of M5
phytoplankton. or 45 S not included in the marginal sea ice biome. The
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Small Phytoplankton Diatoms Diatoms - Small Phytoplankton

a. Growth rate change b. Growth rate change c. Growth rate change
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Fig. 5. Climate model predicted 1980-2100 changes(@n:b, c)specific growth rate in day*; (d, e, f) biomass in mmol Clfy (g9, h, i)

fractional abundance — no units — for small phytoplankton (left panels), diatoms (middle panels), and the difference between diatoms and
small phytoplankton (right hand panels). Specific growth rate change calculated from the 1980—-2100 linear trend multiplied by 120
years.

impact of changes temperature, nutrients, light and grazing  In Sects. 3.2-3.4 we provide a mathematical analysis
(from 1980 to 2100) on phytoplankton growth rate and to- that can help us understand each of these three effects
tal biomass, as well as the fractional changes in zooplank-  and test our predictions against the modeled climate
ton abundances, nitrate, iron and surface irradiance are illus-  simulations. We conclude with a detailed discussion of
trated over five different domains of the ocean in Fig. 7 (the modeled ecology in each of these biomes.

45° S-45 N biome) and Fig. 8 (the marginal sea-ice and the

subpolar biomes). 3.2 The critical nutrient hypothesis

We make three immediate observations: ) )
Where two or more phytoplankton species co-exist, they can

1. Climate driven decreases in nutrients have a largefinteract via competition for light and nutrients. Previous
impact on small phytoplankton specific growth rate work with multifunctional group marine ecosystem models,
than on diatom specific growth rate in the’45-45 N sych as the one used here, indicates that there are large por-
biome. The opposite is the case in the four high latitudetions of the global surface ocean where the growth of sim-
biomes. ulated small phytoplankton and diatoms are limited by the

same nutrient allowing for species competition (Moore et

al., 2004). We focus here our analysis on those regions
where nitrogen and iron are limiting for both small phyto-
plankton and diatoms (Fig. 1b, d), acknowledging that the

3. Increasing temperature increases small phytoplanktorresults are not applicable in regions where the phytoplank-
specific growth rate more than it increases diatoms speton groups are limited by different nutrients (e.g., silicon for
cific growth rate in all biomes. diatoms). While not discussed here, phosphorus limitation

2. Climate driven changes in light, whether positive or
negative, have a stronger impact on small phytoplank
ton than on diatom specific growth rate in all biomes.
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Small Phytoplankton Diatoms Diatoms - Small Phytoplankton

a. Nutrlent Contrlbutlon : : : b. Nutrient Contribution : : : C. Nutrlent Contrlbutlon

d. Temperature Contrrbutron e. Temperature Contrrbutron

-0.1 -0.08 -0.06 -0.04 -0.02 0.0 0.02 0.04 0.06 0.08 0.1

Fig. 6. What drives the 1980 to 2100 change in phytoplankton specific growth rate? Shown @ehihe) nutrient contrrbutlomu””t’,

(d, e, f)temperature contrlbutlonux eme. ; (9, h, i) light contribution to the growth rate tremslul'ght All contributions calculated from the
respective 1980-2100 modeled linear trends multiplied by 120 years, in units of dayd shown for small phytoplankton (left panels),
diatoms (middle panels), and the difference between diatoms and small phytoplankton (right hand panels).

may be important on the smaller regional basis and the same Mathematically, we consider the phytoplankton nutri-

basic analysis framework would apply. In order to considerent functional response for a generic limiting nutrient

the role of each individual term in Eq. (11) on the overall V, = N/(N + K,) and calculate:

growth rates, we first analyze the contribution of nutrients to N

growth rateA MU (Eq. 12b). We _ i( N ) — Ky (13)
Figure 9a, c shows the nutrient functional respoviséor IN INAN + KY (N + K)ﬁ\’)2

diatoms and small phytoplankton as a function of the limit-

ing nutrient, with higher half saturation coefficiekit, val-

ues for diatoms resulting in lower value¥sp > Vgiar. The

The critical nutrient value is achieved when the nutrient func-
tional response slopes are equal

shape of the nutrient functional response ensures that thergy, Vi KN KN
P _ o Vdiat . diat — sp
is a critical nutrient value above which the slopeVfa; is N aN mplies N2 5
steeper than the slope U, (Fig. 9b, d) such that for a given (N + Kdiat) (N + Ké‘,é)
change in limiting nutrienA N, the resulting change in nu-
trient functional response is larger for diatoms than for smallor Neritica=y/ K {ia K 2 (14)

phytoplankton:|A Vyiail > |AVspl. Conversely, for nutrient . . o
concentrations below the critical nutrient level, an increase! "€ as illustrated graphically in Fig. 9b, d for a small

(decrease) in the limiting nutrient will result in a larger in- change in nutrienf V:

crease (decrease) in nutrient functional response for small dVsp 3 Vdiat
phytoplankton than for diatom$a Vsp| > |A Viad and there- N = Neritical Implies N = AN

fore |Audp" > |Augiail. Thati low the critical nutrien

ore [Augp'| > | Aptginl at is, below the critical nutrient |AVep > |AViiad and |Aﬂrs1utr| |Aﬂdf§tr| (15)

level, a nutrlent changA N has a larger effect on the growth
rate of the plankton group with the lo value (small phy-  and conversely
toplankton are influenced more strongly in low nutrient envi-

ronments).
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45S - 45N els roughly corresponds to the45-4% N band, and is the

e 1 I I region where nutrient-driven changes in small phytoplank-
I diztoms f f {o3 ton growth is expected to dominate over changes in diatom
growth (green regions in Fig. 10a). A second one in which
nutrients are above the critical value (Eqg. 16) roughly corre-
sponds to the high latitudes poleward of45ght blue re-
gions in Fig. 10a), and is the region where nutrient-driven
changes in diatom growth should dominate over changes in
small phytoplankton growth. These two regimes correspond
respectively to the left hand side and the right hand side of
the critical nutrient value in Fig. 9b, d.

0.1f

0.05F

Change

| L

-0.04}

fractional change
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—0.1f

- - : 608 : v 04
temp nut light loss  Biomass Rel.Abund zoo N Fe Ipar H .
(Uday) (mmolC/m?®) Regime 1: 45Sto 45 N

Fig. 7. Climate driven changes in small phytoplankton (green) andIn the Atlantic and Indian oceans north of°45, nitrate is
diatom (red) growth and loss terms averaged over tRes485 N the limiting nutrient for both diatoms and small phytoplank-
region. Shown are the temperature, nutrient and light contributiongon and efficient biology draws down nutrients below the
to the change in specific growth rate in units of day(Aus™,  critical level, i.e. NG < NOg griticat. Over most of the Pa-
ApRut A/vcl,lght calculated from the respective linear trends mul- cific north of 45 S, Fe is low and the limiting nutrient, and
tiplied by 120 years; diatom or small phytoplankton biomass usedFe < Feyitica. Our theory then implies that for a given tem-
as weight in biome averaging); changes in total phytoplankton losgyoral change in the limiting nutrient, the absolute change in
rate (sum of grazing, linear loss, aggregation rate, imdiiythe  nytrient functional response should be larger for small phy-

1980-2100 Iir_1ear_ trends in _biomass (mmol é)ran_d the 198_0— toplankton than for diatomSAVsp| > | AVgiad and therefore
2100 change in diatom relative abundance (no units, total blomarsTTA nutr nutr'

used as weight in biome averaging). The fractional changes fro Hsp | > | Algat

19801999 to 2080-2099 in zooplankton carbon, nitrate, iron and !N order to check our theory, we Calculamu’s‘b‘" and

total irradiancel/par are shown in blue (no units). A/LQ};{ from the temporal linear trends for the time period

1980-2100 from model monthly data. The low and mid-

latitude Atlantic and Indian oceans are primarily character-

dVsp 9 Viiat . . - .
< ized by increased stratification and decreased supply of ni-

N 8]\1 " trate to the ocean surface in a future climate, resulting in

|AVspl < [AVgial and [Augy'| < [ALigigl (16)  decreased phytoplankton nitrate functional response and de-

where we made use of Eq. (12b). Note that the critical nu-creasedu . Analysis of model results confirms that in
this region the climate induced decreases/ip and ;ugp"

trient concept makes sense only &gy different from K gjat. . : P
In our model, the critical nutrient value for nitrate and iron are larger than the corresponding decreaségiiand i

N > Ncri[ica| Imp|IeS

’

limited regions are given by: (Fig. 6a—c). Indeed, the regions pf;" versusu it domi-
nance shown in Fig. 10b are almost identical with those pre-

NOscritical = /Kg:ngé\lp% = 1.18 mmol NG;/m3 dicted b_y the critical n_utrient_hypothesis (Fig. 10_a). The criti-
cal nutrient hypothesis predicts correctly that climate change

Feritical = \/m = 95nmol Fg¢m?® a7) has a larger impact on small phytoplankton growth rates

compared to diatom growth rate in the low and midlatitude
where we disregard for the purpose of this paper the complinceans, as reflected by Fig. 7 and the diatom — small phyto-
cations to the N@critical calculation brought in by the pres-  plankton growth rate differences in Fig. 5.
ence of NH (Eqg. 5). Let us assume that we are in a region
in which nutrients are below the critical nutrient threshold. If
the nutrient term\ " is large enough to dominate the total Regime 2: south of 48 S and north of 45° N
growth rate change such that, =Au ", a given change
in the limiting nutrient will affect more small phytoplankton Phytoplankton are iron limited in the Southern Ocean south

than diatoms, i.e|A uspl > | A pdiatl- of 45° S, while both iron and nitrate limited in the Arctic
In regions of Fe (N@) limitation, we compare di- and North Atlantic north of 45N. Let us consider regions
rectly surface Fe (Ng§) concentration with the FRgical in which small phytoplankton and diatoms are limited by the

(NO3 criticar) Values calculated above. We broadly distinguish same nutrient. Inefficient biology and a seasonal supply of
two regimes, as shown in Fig. 10a. A first one in which effi- nutrients from below ensure that the concentrations of lim-
cient biology and reduced vertical mixing of nutrients en- iting nutrients in these regions are higher than critical nutri-
sure that limiting nutrients are below critical nutrient lev- ent values. For a given change in the limiting nutrient, the
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a. N Hemisphere marginal sea-ice b. Southern Hemisphere marginal sea-ice

0.4

0.05 0.4 0.05
small phyto small phyto
0.04 I diatoms 03 0.04 I diatoms 03
0.03 0.03
0.1 0.2 ) 0.1 0.2 o
0.02 o) 0.02 o)
c c
© 001 01 E o 001 01 2
(=)} (3] o (8]
S o oz 5 o (Bl DN NN 0B
O om 2 O 001 e
-0.1 *(-)' -0.1 t;
-0.02 o -002 [
-0.1 -02% -0.1 -02%
-0.03 -0.03
-0.04 w03 -0.04 03
-0.05 O -0.4 -0.05 oz —
temp nut light loss  Biomass RelAbund zoo N Fe Ipar temp nut light loss  BiomassRel.Abund zoo N Fe Ipar
(1/day) (mmolC/m®) (1/day) (mmolC/m®)
c. Northern Hemisphere subpolar d. Southern Hemisphere subpolar

I
=

o
w

0.05 02 0.4 0.05 075
small phyto small phyto
0.04 I diatoms 03 0.04 I diatoms

0.02 0.1

o
o
o
o
o
N

Change
fractional change

-0.01

Change
|
fractional change

|
o
e

-0.02 -0.1

!
o
o
|

o

N

1|

1)
N

-0.03 -0.03

-0.04 w03 -0.04 w03

-0.2 o4 005 -0.25 .
temp nut light loss Biomass Rel.Abund zoo N Fe lpar : temp nut light loss BiomassRel.Abund zoo N Fe Ipar
(1/day) (mmolC/m?) (1/day) (mmolC/m?)

-0.05

Fig. 8. Same variables as in Fig. 7 averaged(fythe Northern Hemisphere marginal sea ice bidb)ethe Southern Ocean marginal sea
ice biome(c) the Northern Hemisphere subpolar biofd¢ the Southern Ocean subpolar biome. Light and temperature impacts on growth
are most important in the marginal sea ice biomes and subpolar biomes, respectively.

change in nutrient functional respongg is therefore larger  in growth rate over the 21st century (1980—210@)4§emp,

for diatoms compared to small phytoplankton, and thereforeas defined in Eq. (12c), for various phytoplankton species.
| A > |Au23tr| (Figs. 6a—c, 8a—d). Since the temperature sensitivity of growth rafeiq Eg. 3)
Furthermore, because we are on the right hand side of thés the same for all modeled phytoplankton groups, changes in
critical nutrient value in Fig. 9, nutrient functional response temperature do not lead directly to differential effects on phy-
is close to saturation and its slope is small (Fig. 9b, d), i.e. toplankton growth £7; same for all species in Eq. (12c)).
|AV,| small. We therefore expect that equivalent changes inRather, the temperature impact is indirect. Differences in
nutrients result in smaller changes in phytoplankton specifiche initial nutrient functional responsé. and light limita-
growth rate compared to those observed in theSizs N tion functionL, contribute to differences in u pbetween
domain. SinceAV,| is small, we expect that throughout Species, as explained below.
much of this domainAx™"| is smaller than|AMfcemp| or Referring back to the light limitation equation (Eq. 6),

1AM As discussed below and illustrated in Fig. 11e— the ProductZ, Vy, which eerltlers intc‘)/ Eq' (12c), has the gen-
ormL, Vy = (1— e~ %% fpar/ (et VxT0)y . 7. The function

f, temperature dominates the phytoplankton response in thE! f

Za/Viy v . . . i
45 S—60' S band, while light becomes critical and governs (1—¢ “/"%). V. is monotonic and increasing i for a pos
the small phytoplankton bloom in the Antarctic marginal sea- itive a. Small phytoplankton have lower half saturation coef-
. . ~ . light icients and larger nutrient functional response than diatoms
ice zone, i.eAu, = Ay f ts and | trient funct I than diat

s I x = x -

everywhere in the ocean, i.eVgp > Vgia, Which necessar-

. ily implies (1—e=%/Vsp) . Vgp> (1 — e~/ Vdiat) . Vgiar. Since

3.3 The impact of temperature on phytoplankton adiat= asp and the variability iro¢ is negligible compared to
growth that in V,,, we can show that:

Moving from the nutrient effect to the temperature effect, we (1— e osiplparl (ool Vsp

next analyze the contribution of temperature to the change > (1— ¢~ dagiatlpar/ (trefVaiatl)y . o
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a. Nitrate functional response (Vx) b. Nitrate reponse slope (an/aNO3) a. Critical nutrient hypothesis
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Fig. 9. lllustration of the critical nutrient hypothesis (Sect. 3.2) for
nitrate or iron limited regions. For both small phytoplankton (green)

and diatoms (red) we shof@) nitrate functional response versus ni-
trate concentratiorn(p) the slope of nitrate functional responge)

iron functional response versus iron concentration(@jthe slope

of iron functional response. Below the critical nutrient concentra-
tion, a change in ambient nutrient impacts more small phytoplank-
ton than diatoms.

Fig. 10. (a)Critical nutrient hypothesisGreen areasV < Nritical

and hypothesis predicts that small phytoplankton specific growth
rates should change more with nutrient change than diatom growth
rates. Light blue areasN > Ngitical and diatom growth rates
should change more than small phytoplankton growth rates. Dark
blue areas: no theoretical prediction possible as diatoms and small
hytoplankton are limited by different nutrients (e.g., diatoms are
i limited while small phyto are N limited in W Pacific). Area
separation based on point-by-point comparisons of surface limit-
ing nutrient (NG or Fe or PQ) values with the corresponding
critical nutrient value calculated from Eq. (17) in the textb)

therefore holds everywhere in the ocean. Temperature inClimate model results Green areas: model regions where small

creases everywhere at the ocean surface with climate chand&ytoplankton growth rates change moLetEhan d'af]%[? growth rates
N response to nutrient perturbations 5" > |Apgiil. Light

We recognize the terms in the parantheses as the light funcz
tion termsLgp and Lgiat (Eg. 6) and

Href- LspVsp> [iref- LdiatVdiat (18)

such thatAT: is positive. Therefore, we predict from . nuty Jiat s

Egs. (12c) and (18) that; blue areas: diatom growth rates change mave izl > [Augy' |-
Auggtn Augg{ terms calculated as linear trends for the 1980—2100

Autsepmp> Autd?g:p> 0 (19) period (as in Figs. 6, 7, 8). The critical nutrient hypothesis predicts

well the model results; green and light blue areas in (a) coincide
Increasing temperature acts to increase phytoplanktomicely with green and light blue areas in (b), respectively.
growth rate and biomass. Figures 6d, e, f, 7 and 8 confirm our
prediction (Eqg. 19): a given increase in temperature prefer- N ] o
entially increases small phytoplankton compared to diatoms$Pecific nutrientv and phytoplankton type. Combining
in all ocean regions. Vi =N/(N +K,), Egs. 20 and (12b)-(12c) we can show
In order to compare the relative roles of the nutrient angthat:

temperature contributions to the total phytoplankton growth N-(N+KY) In2

. Ap| > | AP ™ i AN |AT
rate, we ask whergA " > |A4'*™ holds in the ocean? 1Az [An T THANTZ =y 100 AT
FromV, = N/(N + K,) and Eq. (3) we derive, assuming nutr — N-(N+KY) In2
small changes iff andN: ATl < 18w T IANT < =05 750¢) 14T (21)
KN . AN | We use the 1980-2100 linear trends in the limiting nutri-
X

AVy d AT = 10?020) Tt - AT (20)  ent and temperature to calculateV and AT and we pre-
dict from the above equation the regions where growth rate

whereN corresponds to some average value of the limitingchange due to nitrate or iron should dominate over the growth

nutrient (nitrate, iron, silica or phosphaté),is temperature rate change due to temperature for each of our phytoplankton

and K, is the half saturation coefficient corresponding to atypes. These theoretically predicted regions (green regions

= — = ahn
(N + KN)2
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Diatoms Small phytoplankton
a. Theory b. Theory

Fig. 11. (a—b) Theoretical predictiorbased on Eq. (21) of whether the 1980-2100 growth rate change due to nutrient limitation should be
larger than the growth rate change due to temperature. Prediction shown for (a) diatoms and (b) small phytoplankton. Green: growth rate
change due to nutrient (either nitrate or iron) dominates; Yellow: growth rate change due to temperature dominatdsdét-Results

(c—d): regions where the model calculated 1980—2100 growth rate trend due to nutrient limitation is larger (green) or smaller (yellow) than
the growth rate change due to temperature for diatoms (c) and small phytoplanktde<@)Shows regions where the model calculated
1980-2100 growth rate trend is dominated by either the nutrient (green), temperature (yellow) or by the light (blue) contributions (Egs. 11—
12).

in Fig. 11a, b) match remarkably well the results of climate Indian midlatitudes where the nitrate decrease is significant
change projections (green regions in Fig. 11c, d). The modeand the background nitrate values are very small due to effi-
projected regions are calculated by comparing the 1980-cient biology (Fig. 4b, a). The temperature term dominates
2100 changes i/} and sgoP and the changes ingy™®  over the nutrient term in regions where the temperature in-
andugsp™, respectively. It is encouraging that the predictions creaseAT is large (e.g., the Pacific midlatitudes) or where
from the linearized perturbation analysis are consistent withthe background nutrients are large due to inefficient biology
the results from the fully prognostic CCSM simulations. This (such as most of the Southern Ocean and the Equatorial Pa-
suggests that other factors that could influence the prognostiéific). Finally, sinceKspis smaller tharKgiar, Eq. (21) sug-

simulations (e.g., lateral advection, multi-stressors, grazingests correctly that regions where changes in specific growth

are of second order importance. rate are dominated by temperature (iL&uy 7 > | A"

. ) . should occupy a larger area of the ocean for small phy-

h ,lAnaIyS|s gf thte |rée(tqu11al|tlest.orl1 thiRHS Off Eq' (.21) can %oplankton compared to diatoms (Fig. 11c, d). The situa-
€ip Us understan € spalal patterns ot dominance of,, pecomes slightly more complex in the high latitudes

nutr temp ; H i nutr
Ap” " VeISUSAu in Fig. 11. The T;Jnﬁﬁe_”t termh where light is a strong limiting factor for growth, and climate
dominates over the temperature tean*™P (i.e., AN wins light temp

in the inequalities on the RHS of Eq. (21)) in the Atlantic and "duced changes in.,”" become larger than eithevy.
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or ApRUt for both diatoms and small phytoplankton, as illus- dian Ocean largely due to decreased nutrient functional re-
trated in Fig. (11e, f). This is the subject of the next section. sponse AV, < 0).

Finally, we note that our model is parameterized such that We next compare the termug?ahtt and Aulsi,%m. Smaller
temperature affects the rates of growth and grazing in thenitrate and iron half saturation coefficients for small phyto-
same direction, i.e., increasing temperature increases bot§lankton and very similar nutrient limitation patterns (Fig. 1)
biomass and grazing rates via (Egs. 2 and 8). Increases ensure thaVsp> Vgiar €vErywhere. Sincesp= agiat in OUr

in the temperature growth term is therefore partly compen-model and differences i#f / V, are dominated by differences
sated in all domains by the increase in grazing term (Fig. 8a-n v, , we can write:

d), so a small net increase in biomass occurs with increasing
temperature. Because of differential grazing coefficients inex —asp-Ogp- Ipar —adiat- Ogiat- Ipar
; ; —_— | > _— .
E_q. (8), grazing ha_s a Iarger impact on small phytoplankton turetVepTt wrefVdiatTt
biomass than on diatom biomass, compensating some of the
small phytoplankton-diatom biomass differences induced byAssuming that differences ifiar and Ssp are small relative

the temperature effect on growth. to the above inequality, we predict that overall changes in the
light limitation growth terms (Eg. 12a) are more pronounced
3.4 The impact of light on phytoplankton growth for small phytoplankton than for diatoms:
. . . . I h I h
Next we turn to analyzing the contribution of light to changes |A/'LSI% "> |A/‘c|1?att| (22)

in growth rate,Aulight, as defined in Eq. (12a), for small

phytoplankton and diatoms. At high light (in low latitudes or Analysis of the light limitation growth terms in Fig. 6g, h,
in the summer) the exponential approaches zero[em'&ht i and Figs. 7-8 confirms the validity of Eq. (22) over most

becomes small. At low liaht the exponential _ax.e_g.Ipa,> of the ocean. A given change in light will therefore affect
' 9 P Tref Ve Tt more small phytoplankton than diatoms. An implication of

approalt_:fsnes its high limét, 65 Ipar/ (urefTi Vi), and the result- £q(22) is that in the Arctic and Antarctic marginal sea-ice
ing Au,”" depends on the initial light levels, nutrients and biomes in which light/par increases with climate change,

temperature. We note an interesting contrast with the lowg - o gng Aﬂgght - AMIC;QT ~0. Here, A9 is large
1al ' !

light limit in' i, e 0y Ipar, Which does not depend on nutri-  enough to dominate the total growth rate change and small
ents or temperature. Figure 6g, h, i confirms that the impacpnytoplankton biomass preferentially increases over diatom
of changing light on growth rate is larger in the (low light) carpon, as confirmed by Fig. 8a, b. Increasing cloud cover
high latitudes compared to low latitudes. i decreases surface irradiance in the subtropics. Lightbecomes

The light contribution to the growth rate changg:,’ more limiting for small phytoplankton, i.e.ﬂs'%ht decreases
dominates the nutrient or temperature contributions in themore thamlight (Fig. 6g, h, i). This enhances the observed
Arctic and Antarctic marginal sea-ice biomes (Fig. 8a—b and diat AT

. > . - “trend inApU" whereby nutrients become more limiting for
also Fig. 11e—f). According to Eq. (12a), the}gg?” of the light small phytoplankton, further reducing small phytoplankton

limitation contribution to the growth ratedw,” , is given over diatoms (Fig. 7).

by the sign of Interestingly, the differential impact of light on different
B (Alpar AV, Aﬂ) species (Eqg. 22) is indirectly due to differences in the nutrient

; % T functional responsegsp and Vyiat, as was the case for tem-
par X f

perature (Eg. 19). Finally, we note that inequality Eq. (22)

and thus depends on the relative fractional increases of lightill need to be re-evaluated in future work for the more gen-
nutrient functional response and temperature function. Aneral case in which there are significant differencessgand
increase in irradiancésr Will naturally act to increase phy-  adiat; Mfepf andu?é?t, respectively.

toplankton growth rate, while increases in nutrient functional

response and tgmperature will act to decreqse the growthrat8.c o, the relative contribution of small phytoplankton

A close analysis of Eq. (12a) shows that light enhances the and diatoms to the carbon pool

growth of small phytoplankton and diatoms in both the Arctic
o : . light light . . . .
and the Antarctic ice regions (i.eAusy andAugyy POSi-  We have argued above that climate driven temperature, light,

tive, see Fig. 8a, b) primarily because of an increasgdn  and low-mid latitude nutrient changes affect small phyto-

from 1980 to 2100 (partly due to dwindling ice cover), com- plankton biomass more than diatom biomass. It is, however,
bined with a pronounced decrease in limiting nutrients andnot straight-forward to extrapolate our arguments to relative
thus AV, in the Arctic. Additionally,u',ight decreases over abundances. Figures 7 and 8 illustrate the complex rela-
most of the Pacific because of enhanced warmixg & 0), tionship between biomass and relative (or fractional) abun-
while it increases locally in the North Pacific and North At- dance. Assuming that diazotrophs are a negligible contribu-
lantic (around 30-45> N), Equatorial Atlantic and North In-  tion to the total carbon pool, the time change in the fractional
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abundance of diatoms can be written, after a couple of basiSouthern Ocean biome and the marginal sea-ice biomes, re-

manipulations, as: spectively, where they lead to increases in small phytoplank-
Py PP APum AP ton biomass and relative abundance. Below we analyze sep-
(&) _ _ _ ‘diatTsp 5 ( diat _ SP) (23)  arately the marginal sea-ice biomes and the subpolar biomes.

Psp+ Pdiat (Psp+ Paiar)” \ Faliat Psp In the marginal sea-ice biome, light limitation is important,
The relative (or fractional) abundance of diatoms depends or\lNIth diatoms and smgll phytopla.nkton b'°°m'”9. in the spring
) : . . and summer when light allows it. Decreasing ice cover and
the difference between the relative diatom biomass change e . . )
i increased stratification with global warming result in more
(A Pgiat/ Pgiap) and the relative small phytoplankton change |. o . . .

(A Psp/ Psp). light availability in spring and summer, and are primarily re-

Over most of the 455-4% N region nutrient decrease sponsible for the obs_erved e Cosys_tem changes.
: ; In the North Atlantic-Arctic Ice biome, small phytoplank-
(due to climate change) results in a larger absolute de;

. ; . ton are iron limited in fall and winter and nitrogen limited
crease in small plankton biomass compared to diatoms;

|APsp| > | A Paiad. However, over most of this region small in spring and summer, while diatoms are nitrogen limited at

) . all times. More stratification makes nitrate more limiting to
phytoplankton dominatePsy>>> Pgiat, such that the relative L )
: : both species in spring and summer. Temperature dependent
biomass decrease is actually smaller for small phytoplank-

increases in grazing rates compensates largely for tempera-
ton: |A Psp/ Pspl < |A Paiat/ ol - and from Eq. (23): ture depende?n incrgeases in ph;toplankton ggrov)\:th (incregsed
) Pgiat . [ APgiat linear loss and aggregation play a smaller role; Fig. 8a). At
Slgn[A <P+—P-)} = 5'9”[ } (24)  the elevated nutrient background levels, small phytoplankton
P diat are less sensitive to the decrease in nitrogen than diatoms, as
We therefore expect on average, in thé 8545 N biome,  expected from the critical nutrient hypothesis. Small phyto-
a decrease in the proportion of diatoms and an increase iplankton also react better to the increase in light availability,
the proportion of small phytoplankton to total biomass with in agreement with Eq. (22). As a consequence, small phyto-
climate change in the low and mid-latitude regime (Figs. 3e,plankton increase with climate change, while diatom spring
7), in agreement with previous modeling and observationaland summer blooms decrease primarily due to nutrient de-
studies (Bopp et al., 2005; Cermeno et al., 2009). cline.
In the light limited marginal sea-ice biomes, an increase In the marginal sea-ice biome adjacent to Antarctica both
in light acts to primarily increas@sp, A Psp> A Pgiat. Since  small phytoplankton and diatoms are iron and light limited.
Pgiat is of the same order of magnitude or larger thagp, The observed increase of small phytoplankton is dominated

diat

A Psp/ A Psp> A Pyjat/ Piat and therefore from Eq. (23): by increases in light availability primarily due to retreating
seaice (Fig. 8b). Increased diatom grazing, loss and aggrega-
Sign[A( Pdiat )} = Sign[ _ APSP} (25)  tion compensate for the increase in light and contribute to an
Psp + Pyiat Psp average decrease in diatom biomass and relative abundance.

In conclusion, increases in light and temperature in theSmaII phytoplankton increase dominates such that total phy-

marginal sea-ice biomes act to decrease the proportion of dit_oplank;or:. blorr:ass and total z?oplankton blomatss' both m_d
atoms and increase the proportion of small phytoplankton t prease intime. in summary, a stronger response 1o increase

total biomass (Fig. 8a, b). We note conceptual agreemer?fght makes gmall phytoplankton more competitive in the ice
biomes relative to diatoms.

with Agawin et al. (2000) and Moran et al. (2010), who ex- In the Subpolar North Atlantic. diat . iiv i
perimentally noticed shifts in the total community to smaller n the subpolar Horth Aliantic, diatoms are primarly ni-
trate (and in some locations iron) limited, while small phy-

sizes with an increase in temperature. toplankton are primarily light limited. Stronger stratification
implies a thinner mixed layer depth and a decrease in surface
4 Discussion nitrate by 1-2 mmol/m In this high nutrient regime nitrate
decrease preferentially limits diatoms (in agreement with our
Assuming a multiplicative growth equation (Eq. 2), iden- hypothesis, Sect. 3.2), such that diatom biomass and relative
tical temperature dependence of growth for diatoms andabundance both decrease (Fig. 8c). Minimal changes in small
small phytoplankton and the Geider et al. (1998) formal- phytoplankton are due to compensating effects on biomass
ism for light limitation, we demonstrated that climate driven growth of increased temperature on one hand and increased
increases in temperature and changes in light always prefgrazing, decreased nutrients and light on the other. Small
erentially affect small phytoplankton compared to diatomszooplankton decrease follows the diatom decrease.
(Sects. 3.3-3.4). We showed that the differential phytoplank- In the Southern Ocean subpolar biome the increase in di-
ton responses to changes in light and temperature are indatom growth rate and biomass is clearly dominated by the
rectly driven by interspecies differences in the nutrient func-increasing temperature term (Fig. 8d). Both surface and av-
tional response termd/( = N/(K, + N)). The increases in erage mixed layer light decrease in this region. The decrease
temperature and light are most important in the Subpolaris most pronounced at the surface (a 47% reduction), because
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of increased cloudiness. In agreement with our theoreticapredicted in the context of the metabolic theory of ecology
analysis (Eq. 22) decreasing light preferentially limits small by Lopez-Urrutia et al. (2006). This effect might result in
phytoplankton, ultimately driving, together with increased phytoplankton escaping zooplankton grazing at low temper-
grazing on small phytoplankton, a decrease in small phyto-atures where zooplankton perform poorly, perhaps allowing
plankton biomass. Zooplankton increase slightly in the Sub{requent algal blooms to develop in polar regions (Rose and
polar South Atlantic due to the diatom increase and decreas€aron, 2008; Lopez-Urrutia, 2008). The opposite should
slightly in the Subpolar South Pacific due to the small phyto-be true in low latitudes. Furthermore, this mis-match might
plankton decrease. Averaged over the Southern Ocean sulsontribute to a larger impact of increasing temperature on
polar biome, there is almost no change in zooplankton carhigh latitude phytoplankton biomass compared to our present
bon. In contrast to the marginal ice biome, diatoms becomemodel predictions, and to a smaller impact of increasing tem-
more competitive than small phytoplankton in the Southernperature on phytoplankton biomass in low latitudes where
Hemisphere subpolar biome because they are less sensiti@oplankton are more active.
to decreases in light and they are grazed less than the small This work shows clearly that the equation forms specified
phytoplankton (Fig. 8d). in GCMs for nutrient limitation and photosynthetic nutri-
We conclude that climate driven changes in nutrients,ent uptake influence significantly the behavior of the system
temperature and light have regionally varying and some-under environmental or climate change scenarios. Several
times counterbalancing impacts on phytoplankton biomassauthors argue that phytoplankton nutrient uptake should be
and structure, with nutrients and temperature dominating irmodeled using “optimal uptake kinetics” (OU) (Pahlow et
the 45 S—45 N band and light-temperature effects dominat- al., 2005; Smith and Yamanaka, 2007; Smith et al., 2009)
ing in the marginal sea-ice and subpolar regions. rather than as the Michaelis-Menten (MM) function used in
The main contribution of this paper is to propose the exis-this study. Replacing MM with OU alters the control simula-
tence of a critical nutrient threshold, below (above) which tion and the concentrations of non-limiting nutrients. Unlike
any nutrient changes will affect more (less) small phyto- MM kinetics, the OU theory predicts direct nutrient depen-
plankton biomass than diatom biomass. This nutrient threshdence for the maximum growtlyes and for the apparent half
old broadly corresponds to 45 and 45N, poleward of  saturation coefficienk Y. While the type of analysis pre-
which biology is inefficient, vertical mixing and therefore sented here can clearly be applied to OU kinetics, the deriva-
nutrients are high and equatorward of which biology is in- tive of growth as a function of nutrient (and Eqg. 12b) will
efficient, vertical mixing is reduced and therefore nutrientschange. Further work needs to be done to understand how
are low. The critical nutrient hypothesis is a most use-this might change our conclusions.
ful predictor of carbon changes in the°45-45 N band, Recent modeling studies (Bopp et al., 2005), laboratory
where intensified climate drives nutrient depletion, which and field data (Jin et al., 2006; Cermeno et al., 2009) have
decreases small phytoplankton biomass more strongly thasuggested an increase in the relative abundance of small phy-
diatom biomass (Fig. 7). In high latitudes, the impact of toplankton in low and midlatitudes with enhanced stratifica-
nutrient decrease on phytoplankton biomass (as expressd@n. Our model results agree with this (small phytoplank-
through the nutrient contribution to the change in growth ton relative abundance increases in all biomes except for the
rate) is more significant for diatoms than for small phyto- Southern Hemisphere subpolar), but our analysis points out
plankton, and contributes to diatom decrease in the northerthat (a) climate change can have opposite implications for
marginal sea-ice and subpolar biomes (Fig. 8). absolute and relative contributions of small phytoplankton to
Our critical nutrient hypothesis applies to the large areasthe total biomass and (b) changes in the absolute values of
of the ocean where both small phytoplankton and diatomsbiomass are mechanistically more meaningful than relative
are limited by the same nutrient and is based on a Michaelisehanges. For example, in the°45-45 N biome climate
Menten representation for nutrient limitation of photosynthe- change results in both (1) a larger drop in the small phyto-
sis. To what extent do our findings apply to other models andplankton biomass than in diatom biomass — as predicted by
to the real ocean? Preliminary analysis suggests that the crithe mechanistically meaningful critical nutrient hypothesis —
ical nutrient hypothesis also holds in a completely differentand (2) a relative increase in small phytoplankton biomass,
ecosystem model (GFDL TOPAZ, Dunne et al., 2010). Gen-mathematically simply a consequence of small phytoplank-
eralizations of the present work to a broader class of modelson having much larger background biomass in this area.
will be addressed in follow up work, but a couple of initial We suggest that both absolute and relative changes in phyto-
observations follow. plankton be recorded and analyzed in future climate change
One question that needs to be addressed further is thstudies.
role of grazers for future phytoplankton distribution. In our  Our work suggests that a deeper theoretical understand-
model temperature affects phytoplankton growth and grazingng of the basic ecological equations used in global models
rates equally. However, stronger temperature dependence fanight help us predict future ecological and biogeochemical
heterotrophic processes (such as zooplankton growth) thadlimate-driven shifts and point to critical processes that need
for autotrophic processes (phytoplankton growth) has beenargeted observations. Mapping phytoplankton community
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composition and its temporal variability from satellite and or after further manipulation:

in-situ measurements is essential for validating our critical

nutrient hypothesis and model results and generally for fore—AMx/Mref: [dx Mpar- <ipar _AV ﬂ)
casting the evolution of ocean ecology and carbon cycle. A Tpar Vi Ty

number of investigators have developed algorithms to esti- —dy - Ipar

mate phytoplankton functional types (e.g., Uitz et al., 2006, 'eXp(W

2010; Alvain et al., 2008) and size structure (e.g. Kostadinov

et al., 2009, 2010; Mouw and Yoder, 2010) from satellite The three terms on the right hand side represent the
data. We suggest that satellite estimates of interannual variight function, nutrient and temperature contributions to the
ability in size structure can provide a potential test for our growth rate change, respectively, i.e.

proposed “critical nutrient hypothesis”. One idea would be light utr temp

to compare the variability in small and large phytoplankton atAix = A + Ap™ + Apiy (A5)
locations where plankton variability is primarily due to nu-
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>]+Tfo-AVx+LxVX~ATf (A4)

We are interested in how the growth rate of a given phyto-Edited by: L. Bopp
plankton specieg = uref- I - Vy - L, changes with climate
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