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Abstract. We present a new planktonic foraminifera model 1 Introduction
developed for the global ocean mixed-layer. The main pur-

?oorz(:nicgiftg; r[rcl)oocljifflelrse rg?bec;(frllzli:r thc?);?jist?gnnssfn ?;er’laggltgn'q?lanktonic foraminifera are widely used for paleoceano-
ical past, and to quantify the seZsonaI bias in forar%inife?a-graphic reconstructions. The spatial distribution of plank-
past, q tonic foraminifera species is controlled by physiological re-

based paleoceanographic proxy records. This model iﬁuirements, feeding preferences and temperature @ég.,

forcgd with hydrographic data and with biological infor- and Hamilton 1967 Bé and Tolderlund1973. Shells of
mation takgn from an ecosystem model to pr edict m,onthlyplanktonic foraminifera extracted from marine sediments
concentratlong of the most common planktonic fqrgmmﬁeraserve as an archive of chemical and physical signals that can
species used in paleoceanograpNypachydermdsinistral o\ ,5e to quantify past environmental conditions, such as
and dextral varieties)i. bulloides G. ruber (white variety) temperature (e.gPflaumann et al.1996 Malmgren et al.

and G. sacculifer The sensitivity of each species with re- 2001, ocean stratification (e.gMulitza et al, 1997, at-
spect to temperature (optimal temperature and range of to'Fnospheric CO concentration Rearson and Palme2000)

erance) is derived from previous sediment-trap studies. and biological productivity Kiefer, 1998. Past sea-surface
Overall, the spatial distribution patterns of most of the temperatures can be estimated by either quantifying differ-
species are in agreement with core-top datd. pachy- ences between modern and fossil species assemblages (e.g.,
derma (sin.) is limited to polar regionsN. pachyderma CLIMAP, 1976 Pflaumann et a1.1996 Malmgren et al.
(dex.) andG. bulloidesare the most common species in 2001), or by analyzing the isotopic or trace-element com-
high productivity zones, whil&. ruberandG. sacculiferare  position of the calcite in the shell (e.dqrphling and Cooke
more abundant in tropical and subtropical oligotrophic wa-1999 Lea 1999. In general, all estimation procedures are
ters. ForN. pachydermdsin) andN. pachydermddex.), the  based on a correlation between modern environmental con-
season of maximum production coincides with that observedlition and assemblage composition or shell chemistry.

in sediment-trap records. Model and sediment-trap data for seasonal changes in the flux of planktonic foraminifera are
G. ruberandG. sacculifershow, in general, lower concen-  strongly influenced by environmental factors, such as sea-
trations and less seasonal variability at all sites. A sensitiv-g(face temperature, the stratification of the water column,
ity experiment suggest that, within the temperature-toleranceyg food supply (e.gBijma et al, 199Q Ortiz et al, 1995
range of a s_pec_ies, food availability may be the main paramyyaikins et al, 1996 Watkins and Mix 1998 Eguchi et al,

eter controlling its abundance. 1999 Schnack-Schiel et al2001; King and Howard2003a
Morey et al, 2005 Zaric et al, 2005. The seasonality of
foraminiferal production is an important factor which has to
be taken into account in paleoceanographic interpretations
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Pflauman et al2003 Waelbroeck et al2005. Any change Previously, this two-dimensional model has been vali-

in the timing of the seasonal maximum of foraminiferal flux dated against a diverse set of field observations from several

may lead to a bias in estimated paleotemperatidelitza JGOFS (Joint Global Ocean Flux Study) and historical time

et al. (1998 have shown how temperature sensitivity can al- series locationsMoore et al, 20023, satellite observations,

ter the proxy record in the sediment. Moreover, this differ- and global nutrient climatologiedoore et al, 20028. The

ences in seasonality make reconstructed temperatures baskdl list of model terms, parametrizations, resolution, equa-

on planktonic foraminifera assemblages difficult to comparetions and behavior in the global domain is described in de-

with those derived by other sea-surface temperature proxtail in Moore et al.(2002ab) and the code is available at

ies. For exampleNiebler et al.(2003 suggested that dis- http://usjgofs.whoi.edu/mzweb/jkmoore/areadme.html

crepancies between temperature reconstructions based on

foraminifera and alkenones might be due to different eco-2.2 PLAFOM

logical and thus seasonal preferences of alkenone producing

algae and planktonic foraminifera. Climate change could in-The planktonic foraminifera model determines the global

duce variations in the seasonal succession of the planktonigistribution of the following 5 speciesNeogloboquadrina

foraminifera and such variations need to be quantified to corPachydermdsinistral and dextral coiling varieties}lobige-

rectly interpret corresponding proxy-based reconstructions. fina bulloides Globigerinoides ruber(white variety) and

To study the seasonal variations of planktonic foraminiferaGlobigerinoides sacculifer These species have often been

species we have developed a numerical model for planktoniéons'dered to be sensitive to sea-surface temperature, and

foraminifera at a species level. Previouiwi'c et al.(2006 therefore their assemblage can be used to estimate past sea-

developed an statistical model based on hydrographic angurface temperatures by means of transfer functions.

productivity data. In contrast to the model @aric et Each species has a different food preferetenfleben et

al. (2006, we present a dynamic model which, consider- al., 1989 Watkins et al. 1996 Schiebel et a).1997 Watkins

ing ecological processes, calculates the growth rate of thé@nd Mix, 1998 Arnold and Parker1999. In general, spinose

foraminifera population between successive time steps. Thi§Pecies prefer animal prey such as copep&gn(ier et al.

study shows model predictions for spatial and temporal dis-1984 Caron and B, 1984 Hemleben et a).1989 while

tribution patterns of the five most important modern plank- NOn-spinose species are largely herbivordirsierson et a.

tonic foraminifera used as SST proxies. 1979 Spindler et al. 1984 Hemleben et al.1985 1989,
although in some specimens muscle tissue has been found
in food vacuoles Anderson et aJ.1979 Hemleben et al.

2 Model setup 1989. Many species also contain algal symbionts that may
provide nutrition Caron et al. 1981, Gastrich 1987 Ortiz

The geographical distribution and population density of eactet al, 1999. On a seasonal scale, it is generally assumed

planktonic foraminifera species depend on biotic (e.g., food that food is the predominant factor affecting the distribu-

symbionts) and abiotic factors (e.g., light, temperature). Totion of planktonic foraminifera under favorable temperatures

supply the foraminifera model with ecological information, (Ortiz et al, 1993. Planktonic foraminifera appear to re-

we run the foraminifera module within an ecosystem model.spond to the redistribution of nutrients and phytoplankton
very quickly, increasing in number of individuals within sev-

2.1 Ecosystem model eral days $chiebel et a).1995. Information about food
availability is obtained from the ecosystem model. In the

The employed marine ecosystem modébpre et al, 20023 model, the food sources may be either zooplankton, small

is configured for the global mixed-layer of the ocean. It pre- phytoplankton, diatoms or organic detritus.

dicts the distribution of zooplankton, diatoms, diazotrophs For compatibility with the ecosystem model, the

and a generic group of phytoplankton (so-called “small phy-foraminifera model calculates foraminiferal abundance of

toplankton”). The model considers sinking and non-sinkingeach species via carbon biomass, the same as the ecosystem

detrital pools, and carries nitrate, ammonium, phosphatemodel. Since our study is directed to paleotemperature re-

iron and silicate as nutrients. constructions, our main interest is in species relative abun-
The ecosystem model is driven by hydrographic data thadances rather than in assessing the absolute biomass.

are derived from a general ocean circulation model and from Accordingly, for each species the change in foraminifera

climatologies. The forcing data include local processes ofconcentration is calculated as follows:

turbulent mixing, vertical velocity at the base of the mixed

layer, and seasonal mixed-layer entrainment/detrainment— = (GGE-TG) — ML Q)

Horizontal advection is not included; thus, there is no lateral !

exchange between grid points. Since our main interest is thavhereF is the foraminifera carbon concentration, and GGE

ecosystem in the mixed layer, processes below the surfac@gross growth efficiency) is the portion of grazed matter that

layer are ignored. is incorporated into foraminifera biomass, which we assume
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to be constant regardless of the food source. TG and MLs possible because these foraminifera obtain nutrition from

represent total grazing and mass loss, respectively. their symbionts. However, the seasonal maximum abundance
occurs when productivity in these regions is maximal. To
2.2.1 Growth (TG) account for adaptation to low productivity regions, we lim-

_ _ _ ited the growth ofG. ruberand G. sacculiferto regions in
The growth rates are determined by available food using avhich maximum nutrient and chlorophyll concentration does

modified form of Michaelis-Menton kinetics (Eq. 2), not exceed a threshold value. This is done multiplying “total

4 grazing” (Eq. 2) by a hyperbolic tangent function which, us-

. Cy ing maximum nitrate and chlorophyll concentration as input,
re= ;p" ' [Gma"' e ((Cn + g))} @ identifies low productivity zones.

Maximum grazing rate for the foraminifer& ay) varies

whereG max is the maximum grazing ratg,is the half sat-  with the food source. Zooplankton carbon concentration is
uration constant for grazingy is the relative efficiency for generally much lower than phytoplankton carbon concentra-
grazing in relation to temperature (calibrated from relative tion. For this reason, when zooplankton is the food source
abundancesy;, represents the concentration of each type of Gmax, is set higher than if phytoplankton or detritus are the
food (diatoms (D), small phytoplankton (SP), zooplankton food source. Thus, under typical food availability conditions,
(2) or detritus (DR)), and is the preference for this food carnivore species can grow as fast as herbivore species.
(assumed to be invariant in time). The values and units of all Based on the observation that most planktonic
parameters are summarized in Table 1. Food requirementfioraminifera distribution patterns are latitudinal and
vary for the different foraminifera species. Many species ofcorrelate with temperature, we assume that temperature
planktonic foraminifera consume a wide variety of zooplank-is the most important physical parameter controlling the
ton and phytoplankton prey, and they are capable of a reasordistribution of planktonic foraminifera. This is supported by
ably flexible adaptation to varying trophic regimes. The food the experimental work dBijma et al.(1990, which showed
of N. pachydermdsinistral and dextral varieties) consist al- evidence for direct temperature control over vital processes.
most exclusively phytoplankton, commonly diatonigem-  These authors demonstrated that a correlation exists between
leben et al. 1989. G. bulloidespresents biological char- in vitro temperature tolerance limits and the known natural
acteristics that place it on the border between spinose antimits of the species used in their experiments. The tolerance
non-spinose species; while most spinose species carry algiimits of most species are most likely progressive since a
symbiontsG. bulloidesdoes not Gastrich 1987 Hemleben  departure from optimal growth conditions causes a gradual
et al, 1989 Schiebel et a).1997. It is abundant in pe- reduction of vital processesA(nold and Parker 1999.
riods of high phytoplankton productivityP¢ell and Curry  Zaric et al.(2005 2006 compiled planktonic foraminiferal
1981, Reynolds and Thunelll985 Hemleben et al.1989 fluxes from sediment-trap observations across the World
and feeds on algal prey.¢e et al, 1966. G. bulloidesis Ocean. They analyzed species sensitivity to temperature by
common in mid-latitude and subpolar waters, but it is alsorelating fluxes and relative abundances of seven species to
present in the subtropical waters of the Indian Ocean. It issea-surface temperature. Based on this work, we approx-
generally more abundant in eutrophic waters with high phy-imate the temperature relation with a normal distribution.
toplankton productivity and for this reason it is commonly Therefore each species exhibits an optimal SST and an
used as a productivity proxyHemleben et al.1989 Saut-  SST tolerance range. The growth rate (Eq. 1) is limited by
ter and Thunell1989 Ortiz et al, 1995 Guptha and Mohan  temperature through the paramete(fEq. 3).
1996 Watkins and Mix 1998. G. ruber exhibits two vari- L
eties; a pink and a white form. The pink variety is limited (Ts — Top) 2 <F>
to the Atlantic Ocean, and we have therefore only modeled® = | 7 - €xp| —0.5- (—> ®)
the white variety.G. ruber (white) is a spinose species gen-
erally found in tropical to subtropical water masses. It hosts The relationship with temperature assumes that the
dinoflagellate endosymbionts, and feeds mostly on zooplankforaminifera concentration at any site is normally distributed,
ton, although it has lower zooplankton dependence than othewith an optimum temperature where the relative abundance
spinose speciesdemleben et al.1989. The characteristics is highest. Away from this optimum temperature the rela-
of bearing spines, utilization of zooplankton prey and sym-tive abundance decreases until a critical temperature beyond
biotic association are typical of foraminifera adapted to olig- which the species does not occur. This pattern, with a central
otrophic watersG. sacculiferis also a spinose species host- peak and symmetrical tails, can be approximated by Gaus-
ing dinoflagellate endosymbionts. Culture experiments withsian distribution (Eq. 3). The value of varies between 0
G. sacculiferconfirm that it depends on zooplankton food (out of limit of tolerance) and 1 (optimal temperature).
(Bé et al, 198)). It is also adapted to low productivity ar- The parameten is a arbitrary parameter that scales the
eas, mainly the centers of the oceanic gyréfatkins et al.  values ofa between 0 and 17, and 7 are the optimum
(1996 suggested that the adaptation to oligotrophic watersand actual temperatures, respectively, arid the tolerance

(o2
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Table 1. Model parameters.

Species N. pachydermdsin.) N. pachydermddex.) G.bulloides G.rubefwhite) G. sacculifer
o 4.0 6.0 6.0 4.0 4.0
Topt 3.8 15.0 12.0 23.5 28

k 1 125P 1.250 1 1
p(SP) 0.3 0.2 0.0 0.0 0.0
p(D) 0.7 0.8 0.9 0.2 0.1
p(2) 0.0 0.0 0.0 0.6 0.7
p(DR) 0.0 0.0 0.1 0.2 0.2
p1(SP - 0.4 0.2 - 0.0
p/(D) - 0.6 0.8 - 0.3
p!(2) - 0.0 0.0 - 0.6
p/(DR) - 0.0 0.0 - 0.1
Gmax(SP. D, DR) 1.08 1.08 1.08 1.08 1.08
Gmax(2) 2.16 2.16 2.16 2.16 2.16
g 0.66 0.66 0.66 0.66 0.66
cIN. pachyderm@in),j ~— 0.2 0 0 0
cln, pachydermalex),; ~— - 0.1 1 0
clG. pulloides - 0.5 - 1 1
cg. rubenwhite), j - 0.8 0.5 - 0.8
clg, sacculifer;j - 0 0.5 0.8 -

d - 0.05 0.5 1 1

pl 1 4 5 5 4

rl 0.06 0.06 0.06 0.06 0.06
GGE 0.3 0.3 0.3 0.3 0.3

o=standard deviation of optimal temperature.

Topt=optimal temperature’C).

k=parameter for the range on temperature depending on the food availability.
p(SP=preference for grazing on small phytoplankton.

p(D)=preference for grazing on diatoms.

p(Z)=preference for grazing on zooplankton.

p(DR)=preference for grazing on detritus.

pr=preference for grazing when main food source is missing.
Gmax(SP=maximum grazing rate when grazing on small phytoplankton (per day).
Gmax(D)=maximum grazing rate when grazing on diatoms (per day).
Gmax(Z)=maximum grazing rate when grazing on zooplankton (per day).
Gmax(DR)=maximum grazing rate when grazing on detritus (per day).

g =half-saturation constant for grazing.

GGE-=portion of grazed matter that is incorporated into foraminifera biomass (Gross Growth Efficiency).
pl=quadratic mortality rate coefficient.

rl=respiration loss (per day).

cl; j=effect of competition of the specie¢sipon the species.

d=e-folding constant, which controls the steepness of the Michaelis-Menton equation for competition.
C=food type (SP, D, Z or DR).

SP=small phytoplankton [mmolC#h

D=diatoms [mmolC/m].

Z=zooplankton [mmolC/rH.

DR=detritus [mmolC/r].

range of a species. Species with smalare more sensi- SST tolerance rangeN. pachydermdsin.) is absent above
tive to temperature. The values of all parameters for eact23.7C (Zarié et al, 2005. N. pachydermdsin.) is a polar
species are summarized in Table 1. Of the five speciesspecies and survives even within sea ice (Antarctic), where
G. ruber (white) andG. sacculifer(both tropical species), it feeds on diatomsfieckman et al.1991; Spindler 19986.
together withN. pachydermgsin.) exhibit the narrowest N. pachydermgdex.) andG. bulloidesare present almost

Biogeosciences, 5, 89941, 2008 www.biogeosciences.net/5/891/2008/
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throughout the entire oceanic SST range; howeNerpa- quadratic form which depends on foraminiferal biomass it-
chyderma(dex.) exhibits a clear preference for intermedi- self (Eqg. 5). This may be interpreted either as predation by a
ate temperatures. Fdb. bulloides temperature does not higher trophic level not being explicitly modele8téele and
seem to be a controlling factor. It is generally more abun-Henderson1992 Edwards and Yogl2000. The parameter
dant in eutrophic waters with high phytoplankton productiv- pl represents the quadratic mortality-rate coefficient, which
ity, and for this reason it is commonly used as a productivityis used to scale mass loss to grazing. From a bioenergetic
proxy (Hemleben et al1989 Sautter and Thunell 989 Or- perspective, predation is also temperature dependent. Food
tiz et al, 1995 Guptha and Mohgr996 Watkins and Mix consumption rates typically increase with increasing temper-
1998. It has the second largest temperature tolerance, afteature; therefore higher trophic levels will exert more preda-
N. pachydermddex.), and does not show a unimodal distri- tion pressure with increasing temperature (M. Peck, personal
bution when flux is plotted versus temperatui’arﬂf: et al, communication). The parametgris used to scale the tem-
2005. G. hulloidescomprises at least six different genetic perature function between 0 and 1. Note thatrepresents
types and exhibits a polymodal distribution patteDafling the absolute SST, and the maximum S3]J,.) assumed in

et al, 1999 200Q Stewart et al.200% Kucera and Darling  the model corresponds to 303.15 K {&)). Death rate refers
2002 Darling et al, 2003. Zaric et al.(2009 showed that  to natural physiological biomass losses, including respiration
in the tropical Indian Oceal. bulloidess present at higher (Eq. 7). Itis a linear term of 6% per day!}, the same value
temperatures than in the Atlantic and Pacific Ocean. In thisused byMoore et al.(20023 for zooplankton.

region, highest abundances Gf bulloidesoccur at SSTs The presence and activity of one species influences neg-
at which Atlantic as well as Pacific samples show reducedatively the resource availability for another species, leading
fluxes. Since our study is applied at a global scale, the temto the assumption that competition occurs between different
perature calibration is based on the preferred temperatures afpecies of foraminifera inhabiting the same regions (Eqg. 8).
G. bulloidesin the Pacific and Atlantic Ocean. In Eq. 5 we In this equationF; is the concentration of the foraminiferal
modified the normal distribution foN. pachydermgdex.) species exerting competition/;; represents the maximum
andG. bulloidesto accept wider limits under high food avail- competition pressure of the speciesipon the specieg

ability through the parametér(see Table 1). (varying from 0 to 1) and/ is thee-folding constant, which
controls the steepness of the Michaelis-Menton-type equa-
2.2.2 Mass loss (ML) tion.

The mass loss (mortality) equation comprises of three terms, 3 standard model experiment: grid, forcing and bound-
representing losses due to natural death rate (respiration ary conditions

loss), predation by higher trophic levels and competition

(Egs. 4-8). The foraminifera model is run within the ecosystem model
for the global surface ocean, with a longitudinal resolution
of 3.6°, a varying latitudinal resolution (between P5-#vith
1 1 higher resolution near the equator), and a temporal resolu-
predatior=p!- exp(—4000 [T_ - T_D (Fp)? (5)  tion of one month. This corresponds to the resolution of the
sk dmk underlying ecosystem moda¥lpore et al, 20023b).
with We used the same forcing Bore et al(2002g. Mixed-
layer temperatures are taken from the World Ocean Atlas
1998 (Conkright et al. 1999, surface shortwave radiation
from the ISCCP cloud-cover-corrected datagisijop and
Rossow 1991, Rossow and Schiffel991) and climatolog-
clij-Fi-d ical mixed-layer depths frorvionterey and Levitu§1997).
F o401 } (8)  The minimum mixed-layer depth is set at 25m. The verti-
cal velocity at the base of mixed layer is derived from the
Since our model does not include lateral advection, a min-NCAR-3D ocean modelGent et al. 1999. The turbu-
imum threshold is needed to preserve the foraminifera popient exchange rate at the base of the mixed layer is set to
ulation over the winter at high latitudes or during periods a constant value of 0.15m/day. Sea-ice coverage was ob-
with insufficient food supply in regions with high seasonal tained from the EOSDIS NSIDC satellite dataafalieri et
variability. We set the minimum foraminifera biomass at al., 1990. Atmospheric iron flux was obtained from the
0.01 mmolC/m. When the populations reach this minimum dust deposition model study &gen and Fun(1994 1995.
level the mortality term is set to zero (Eq. 6). Predators spe-More details about the forcing can be found\vioore et al.
cialized on planktonic foraminifera are not known, and there-(20023.
fore, the mortality equation does not explicitly depend upon Bottom boundary conditions are the same as for the
predator abundance. To represent predation, we choose zboplankton component of the ecosystem model. For all

ML = predatiord- death ratet competition (4)

F, = max(F — 0.01), 0) 6)

death rate= rl- F), (7)

competition = ) ° [F,,

www.biogeosciences.net/5/891/2008/ Biogeosciences, 593912008
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! w w ! ! sumed the carbon content of the cytoplasm is 0.089 pg€/
- (Michaels et al.1995, the same in all species.

To assess the deviation between observed and modeled
species distributions, we calculated the root mean squared
error (RMSE). For this, the data from each each core-top
sample was compared to the nearest model grid point. No
averaging was applied to the core-top data. This is justified
because the observational data base is identical for all species
and our interest is only to test model performance for the five
species.

2.5 Comparison to sediment-trap data

Several sediment-trap studies were used to compare mea-
sured and modeled foraminiferal fluxes (Table 2). Sediment
traps show a high temporal resolution and record the flux
_ _ _ _ continuously over several months or years. Because of the
Fig. 1. Locations of the sediment-trap stations used to comparesinking speed of foraminiferal shells (150-1300 m/day de-
measured and modeled foraminiferal fluxes. See Table 2 for dEta"Spending on their weight and siz&akahashi and & 1984

the sediment-trap samples are not significantly affected by
foraminifera species we assumed a uniform distribution in-dissolution, lateral advection or bioturbation, and therefore

side the mixed layer, whereas below the mixed layer the con€@n be related directly to modern surface hydrography (e.g.,

centration was calculated as a function of the surface concenl€desco and Thunel2003 Marchant et al.2004 Mohi-

tration and the mixed-layer depth. When the mixed-layer jsuddin et al, 2004 Zari¢ et al, 2003. However, due to
thin, the foraminiferal concentration below the mixed-layer the short duration of the collecting periods those data may

is set to 75% of the surface concentration. With increasingr@Present local processes of a particular year rather than a
mixed-layer depth, the concentration below decreases |inlong term mean. We used the global database compiled by
early, until reaching the value 0 at a mixed layer depth ofaric et al.(2005 2006. This database contains planktonic
100 m. This is a realistic limit, as the maximum production foraminiferal fluxes calculated from various sediment-trap
of the species in question occurs within this depth rasge ( investigations across the world ocean. To compare the mod-
1977 Duplessy et 1981 Murray, 1991 Watkins and Mix eled and observed annual distribution of the different plank-

1998. tonic foraminifera species we used those datasets with a min-
imum collecting period of one year and at least monthly reso-
2.4 Comparison to core-top data lution. We extended the databaseZairic et al.(2005 2006

by adding trap data from the northwest Pacifi@é and Ya-
Since our main interest is to understand the distribution ofmasakj 2005 Xu et al, 2005, Bering SeaAsahi and Taka-
planktonic foraminifera at geological timescales, we usedhashj2007), South China Sed{an et al, 2005 and Arabian
the Brown University Foraminiferal Databaseréll et al, Sea Bchulz et al.2002. Table 2 summarizes locations, de-
1999 to compare our model results with sedimentary fau-tails and references of the sediment-trap studies used in this
nal assemblages. This database contains core-top planktudy. Fig. 1 illustrates locations of the sediment traps.
tonic foraminifera counts from 1264 cores across the world Sediment-trap studies yield fluxes based on individual
ocean. We extended this database with the dataseflay-  shells [ind. nT2 day 1] whereas the model provides concen-
mann et al(1996, which contains planktonic foraminifera trations [mmolC/m]. To compare model output with obser-
counts for 738 surface sediment samples from the North andations, we assume that the flux through the water column is
South Atlantic; and with another 57 core-top samples fromproportional to the surface concentration. The objective of
the eastern Indian OceaNlérchant et a.1998. For com-  our study is to detect relative changes in the seasonal distri-
parison, the relative abundances were recalculated using onlyution, rather than to assess foraminiferal biomass.
the five foraminifera species under consideration. Addition-
ally, the number of individuals was transformed to biomass2.6 Sensitivity analysis of the parameters
(mgC/n?) to take into account the size differences of each
species. For this transformation, we calculated the volumeTo determine values for biological parameters is difficult as,
occupied by the cytoplasm approximating the shape of allunlike many chemical or physical parameters, they cannot
the species to a sphere and assuming that all the volume istrictly be regarded as constants. The free parameters have
occupied by the cytoplasm. For the mean size of each specidseen tuned based on ecological knowledge about different
we used sediment-trap data fréteeters et a(1999. We as-  species of foraminifera. In an attempt to assess the sensitivity
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Table 2. Locations, trap and water depths, sieve size and data sources of the planktonic foraminiferaaimesd].(2005 and additional
data).

Trap Location Latitudé[N] LongitudeP E] Trap depth [m] Water depth [m]  Sieve sizerfi] References
Ocean Station Papa 50.00 —145.00 3800 4240 >125 Reynolds and Thunell (1985)
Sautter and Thunell (1989)
Wong et al. (1999)
Peru-Chile Current —30.01 —73.18 2318 4345 >150 Marchant et al. (1998)
Hebbeln et al. (2000)
N’ North Atlantic 72.38 —7.71 500;1000;2300 2624 >125 Jensen (1998)
69.69 0.48 500;1000 3254 >125 Peinert et al. (2001)
Cape Blanc 20.76 —-19.74 2195 3646 >150 Fischer and Wefer (1996)
Fischer et al. (1996)
Zaric et al. (2005)
21.15 —20.68 732;3552 4103 >150
W’ equatorial Atlantic —4.00 —25.57 652;1232;4991 5330 >150 Fischer and Wefer (1996)
—7.52 —28.04 631;5031 5570 >150 Fischer (unpublished data)
Zaric et al. (2005)
W Atlantic —-11.57 —28.53 719; 4515 5472 >150 Fischer (unpublished data)
Zari¢ et al. (2005)
Walvis Ridge —20.05 9.16 599;1648 2202 >150 Fischer and Wefer (1996)
-20.13 8.96 1717 2263 >150 Zari¢ et al. (2005)
Weddell Sea —62.44 —34.76 863 3880 >125 Donner and Wefer (1994)
—64.91 —2.55 256;4456 5032 >125
Arabian Sea 16.33 60.49 1028; 3026 4016 >150 Curry et al. (1992)
14.49 64.76  733; 2909 3901 >150 Guptha and Mohan (1996)
15.48 68.74 1401, 2775 3774 >125 Haake et al. (1993)
24.65 65.81 590 1166 >125 Schulz et al. (2002)
Bay of Bengal 17.45 89.60 967; 1498; 2029 2263 >150 Guptha and Mohan (1996)
13.15 84.35 950; 2286 3259 >150 Guptha et al. (1997)
Northwest Pacific 25.00 136.99 917;1388;4336;4758 5107 >125 Mohiuddin et al. (2002)
39.01 147.00 1371;1586; 4787 5339 >125
NW’ North Pacific 50.02 165.03 3260 5570 >125
43.97 155.05 2957 5370 >125 Kuroyanagi et al. (2002)
40.00 165.00 2986 5483 >125
Subantarctic Zone —46.76 142.07 1060;3850 4540 >150 King and Howard (2003a,b)
—51.00 141.74 3080 3780 >150 Trull et al. (2001)
—53.75 141.76 830; 1580 2280 >150
Chatman Rise —42.70 178.63 300;1000 1500 >150 King and Howard (2003a,b)
—44.62 178.62 300;1000 1500 >150 Nodder and Northcote (2001)
Cariaco Basin 10.50 —64.67 275 1400 >125 Tedesco and Thunell (2003)
Japan Trench 34.16 141.98 1174;3680 8942 >125 Oda and Yamasaki (2005)
34.17 141.97 1174;3700 8941 >125
Ryukyu Islands 27.38 126.73 1000 1627 >125 Xu et al. (2005)
25.07 127.58 3000 3771 >125
Bering Sea 53.30N —177 3198 3788 >125 Asahi and Takahashi (2007)
49 —174 4812 5406 >125
South China Sea 14.60 115.11 1208 4270 >125 Tian et al. (2005)

of the model to the chosen values, we developed a sensitivityive to the originalp in experiment 1; and sharing equally
analysis of the parameters. The procedure used was simildretween the other food sources during the experiment 2).
to other marine plankton models (e.gasham et a/1990. To test the effect of competiton we carried out three exper-
We kept the parameters that are common to the ecosysteiments: first, reducing experienced competition by 50%, a
model constant, and modified only the values chosen for thesecond experiment swithching it off completely and the last
foraminifera module. We run the model with each parameterexperiment increasing competition by 50%. For parameter
altered by half and twice the standard value respectively tachoice, we compared modelled annual mean realtive abun-
determine which parameters have the most effect (Table 3)dances and core-top data. The sensitivity was quantified by
In case of the parameter (preference for the food type), calculating the change of RMSE between sensitivity exper-
we decreased the main food source was decreased by 50%mnent and standard run. Sensitivities of the species to each
sharing this part between the other food sources (scaled relggarameter are given in Table 3.
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Table 3. Sensitivity analysis to the parameter values: Reduction of parameter values and resulting change of RMSE between the model and
core-top relative abundances (RMSE sensitivity experiment minus RMSE standard run)

Experiment Parameter changeN. pachyderm4sin.) N. pachydermddex.) G.bulloides G.rubefwhite) G. sacculifer

1 Pmain (—50%) -0.3 4.6 2.9 -4.7 0.6
2 Pmain (—50%) -0.3 46 2.9 -4.7 0.6
3 d (—50%) - 4.0 -0.2 -1.9 -0.7
4 d (—100% - 46 0.8 6.4 1.9
5 d (+50%) - 3.4 -0.5 -5.3 0.7
6 Gmax (—50%) 2.9 3.6 -1.9 5.6 -0.5
7 Gmax (+50%) -0.0 41 0.7 -6.2 0.6
8 o (—50%) 1.1 2.1 4.1 7.1 -1.0
9 o (+50%) 7.4 5.2 -0.1 -4.0 1.3

Experiments:

1=Reduction of main food preference(SP,D,ZO or DR), by 50%; sharing this part between the other food sources (scaled in relation to
original p)

2=Reduction of main food preferengg(SP,D,Z0 or DR), by 50%; sharing this part equally between the other food sources

3=Reduction of experienced competition by 50%

4=Suppression of competition

5=Increase of experienced competition by 50% 6=Decrease of maximum grazinG fatehy 50%

7=Increase of maximum grazing raté&max by 50%

8=Decrease of temperature tolerance raagey 50%

9=Increase of temperature tolerance ramgby 50%

3 Results Pacific Ocean. It is also present, although at lower abun-
dance, in the upwelling systems off northwest Africa. The
3.1 Spatial distribution patterns model output shows very high concentrations in the Peru-

Chile current and the eastern boundary upwelling systems,
Modeled global distribution patterns of the five foraminifera as well as south of Iceland, and moderate abundances at mid
species are shown together with the corresponding core-tofatitudes (Fig. 3).
data in Figs. 2-6. The model results are expressed as rela- Like N. pachydermddex.), G. bulloidestypically occurs
tive abundances as derived from the biomass data. Relativiy subpolar and transitional water massBsashaw 1959
abundances for core-top data consider only the five specie$olderlund and B, 1971 B&, 1977, and is also found in up-
included in the model. The global distribution Nf pachy-  welling areas Duplessy et a).1981, Thunell and Reynolds
derma(sin.) shows the lowest RMSE, around 9%, while for 1984 Hemleben et a)1989. Temperature does not seem to
the remaining the species the error varies between 22% ange a controlling factor in the distribution of this species, al-
25%. though the exact relationship between environmental param-
N. pachydermdsin.) is a cold-water species, and dom- eters and geographical distribution @f bulloidesmay be
inates planktonic foraminiferal assemblages in polar watergnasked by the fact that this species group comprises several
(Pflaumann et al.1996 Bauch et al. 2003 Kucera et al.  distinct genotypes¥arling et al, 1999 200Q Stewart et al.
2009. Previous work has shown that it can survive within 2001, Kucera and Darling2002 Darling et al, 2003. Gen-
Antarctic sea ice Dieckman et al. 1991 Spindler 1996 erally, the abundance @. bulloidesis related to high pro-
Schnack-Schiel et al200]). It is usually used as a proxy ductivity areasPrell and Curry198Z Beé et al, 1985 Hem-
for cold water conditionsRauch et al. 1997). Core-top, leben et al.1989 Giraudeay1993 Watkins and Mix 1998
as well as modeled assemblages, show the highest relativEaric et al, 2005. G. bulloidesshows a high relative abun-
abundances (up to 100%) in polar waters (Fig. 2). dance in the surface sediment samples of the North Atlantic
N. pachydermddex.) is typical of subpolar to transitional Ocean, the upwelling systems off northwest and southwest
water masses. In the surface sediment sample@achy-  Africa, the Southern Ocean, the northern Indian Ocean, and
derma(dex.) shows a very high relative abundance in theto a lesser extent, the upwelling region off Baja California.
North Atlantic Ocean, the Benguela upwelling system, partsThe model results show high concentration$ofbulloides
of the Southern Ocean and in the equatorial upwelling of thein the subpolar waters of both hemispheres, in the eastern
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Fig. 2. N. pachydermdsin.) relative abundances (%) from core-top (left) foraminiferal assembl&dlesihann et gl1996 Marchant et
al., 1998 Prell et al, 1999 and model output (right). Relative abundances consider only the species included in the model. RMSE is 9%.

100

Fig. 3. N. pachydermddex.) relative abundances (%) from core-top (left) foraminiferal assembl®fesifiann et al1996 Marchant et
al., 1998 Prell et al, 1999 and model output (right). Relative abundances consider only the species included in the model. RMSE is 22%.

boundary currents of the southern hemisphere and in somindian Ocean. The relative abundance in most of the core-top
locations of the Arabian Sea (Fig. 4). data from the upwelling region of the Arabian Sea:is0%.

The seafloor record shows high relative abundance off he annual mean distribution pattern®f sacculiferin the
G. ruber (white) in the central North and South Atlantic as model is limited to tropical waters, with highest concentra-
well as the South Pacific and less pronounced relative aburtions in the equatorial Pacific. The model correctly simulates
dance in the South Indian Ocean up t6 80 The model out- ~ absence or low concentrations10%) in eastern upwelling
put shows a similar pattern with high relative abundances irsystems as well as in the upwelling area of the Arabian Sea.
tropical and subtropical waters of the Atlantic, Pacific and In-
dian Oceans, and very low relative abundances in upwelling3.2 Temporal distribution patterns
areas (Fig. 5).

G. sacculifershows a clear preference for high tempera- We used several sediment-trap datasets to assess the mod-
tures (optimum of 28C) and is absent (or in concentrations €led seasonal variations in foraminifera abundance. We limit
<10%) below 23C (Zarié et al, 2005. Core-top data show the following comparison between the model output and the
this species is limited to tropical waters, reflecting its narrow sediment-trap data to a few examples (Figs. 7-11).
temperature tolerance (Fig. 6). The highest abundances occur In most of the cases, the sediment-trap data exhibit very
in surface sediments from the equatorial Pacific and centrapronounced interannual variability. In contrast, the model
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Fig. 4. G. bulloidesrelative abundances (%) from core-top (left) foraminiferal assembld&feaitmann et al1996 Marchant et al.1998
Prell et al, 1999 and model output (right). Relative abundances consider only the species included in the model. RMSE is 25%.

100°W 0° 100°E

Fig. 5. G. ruber (white) relative abundances (%) from core-top (left) foraminiferal assembl&jlainann et al 1996 Marchant et al.
1998 Prell et al, 1999 and model output (right). Relative abundances consider only the species included in the model. RMSE is 25%.

is forced with climatological data (i.e., long-term averages),the summer (January—February). In accordance with the
and is therefore unable to reproduce interannual variability.sediment-trap data, the model results also show the highest
For that reason, we focused on the season with maximuntoncentrations during the summer (Fig. 8b).
production. In order to compare modeled and observed time Examples foiG. bulloidesare shown in Fig. 9.
series, we picked the season when maximum foraminiferal At Walvis Ridge, the sediment-trap data reveals a strong
production occurs (Table 4). When sediment-trap were deseasonality, where maxima occurs in fall (September—
ployed for more than one year we considered the season iNovember) and in spring (May—June). The model success-
which most maxima occur. fully captures this bimodal pattern, with the main bloom
Interannual variability oN. pachydermdsin.) in all the  occurring in spring. The second example represents a sta-
locations is very high (Fig. 7), but the timing of the signal tion north of the Kuroshio current in the northwest Pa-
agrees between observed and predicted data. cific (Fig. 9b). At this location the model predicts a small
The flux of N. pachydermddex.) increases during sum- peak during winter (December—January) and the maximum
mer (July—October) in northern North Atlantic (Fig. 8a). during early summer (May—June). The time-series record
The seasonal pattern of predicted concentrations corresponddso presents this bimodal pattern; nevertheless, model and
well with the trap record. sediment-trap show better correspondence during the second
Sediment-trap data located at Subantarctic Zone show apear.
increase of theN. pachydermadex.) population during
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T
100°W

T
100°E

901

Fig. 6. G. sacculiferrelative abundances (%) from core-top (left) foraminiferal assembldjgimann et 811996 Marchant et a].1998
Prell et al, 1999 and model output (right). Relative abundances consider only the species included in the model. RMSE is 23%.

Table 4. Season with maximum foraminiferal production at each site in Fig. 1. Empty cells denote if species is absent either in sediment-trap
data or the model output.

N. pachydermésin.) N.pachydermgdex.) G. bulloides G. rubefwhite) G. sacculifer
Trap Location Model  Sediment-trap Model Sediment-trap  Model Sediment-trap Model Sediment-trap  Model  Sediment-trap
Ocean Station Papa  spring spring fall fall summer spring - - - -
Peru-Chile Current - - fall spring spring summer - - - -
N’ North Atlantic summer summer summer summer - - - - - -
Cape Blanc - - - - winter spring fall fall - -
W’ equatorial Atlantic - - - - - - spring  winter/ spring fall fall / spring
W Atlantic - - - - - - spring winter fall fall / winter
Walvis Ridge - - spring spring spring  fall / spring/ winter - - - -
Weddell Sea summer summer - - - - - - - -
Arabian Sea - - - - summer summer - - fall summer
Bay of Bengal - - - - - - winter winter summer summer
Northwest Pacific - - fall summer spring winter/ spring spring summer -
NW’ North Pacific - - fall fall spring spring - - - -
Subantarctic Zone summer summer summer summer - - - - - -
Chatman Rise - - summer summer - - - - - -
Cariaco Basin - - - - - - spring spring- -
Japan Trench - - - - spring spring spring spring
Ryukyu Islands - - - - spring fall / winter - - - -
Bering Sea summer fall - - - - - - - -
South China Sea - - - - - - winter winter - -

In general,G. ruber (white) show, less variability in the this site, the model predicts a unimodal pattern with highest
sediment-trap data (Fig. 10). Seasonal variations in the fluXluxes from September to October.
of G. ruber (white) off Cape Blanc, in the Canary Current, . . .
are shown for a period of four years (Fig. 10a). The first three G. saccuhfershoyvs l_OW fluxes in all sedlment—trap data.
years were characterized by a maximurGirruberflux dur- used for model validation. In most of the sites where sedi-
ing fall (September—October). During fall of 1991, however, ment traps were deployed, the model predicts very low con-
the peak most likely occurred after the end of the sedimentCentrations (Fig. 11).
trap deployment. The model predicts a longer bloom (high  \when the model reaches the threshold value set for
concentrations from June to December), but the maximumpe minimum population size (0.01 mmolCGnthe hydro-
in September coincides with sediment-trap data. The datraphic component of the model starts to dominate over the
recorded by the sediment-trap located at the western equatQsopylation dynamic itself. Therefore, in most of the lo-
rial Atlantic does not show a clear pattern (Fig. 10b). The cations, the model output is too low for comparison. We
first sampling year is characterized by a bimodal pattern,present examples from the Bay of Bengal and the Arabian

with high fluxes in the austral summer and winter, whereasgea (Fig. 11). At both sites, the model predicts little variabil-
during the second year the winter bloom was missing. Atity in the population ofG. sacculifer
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Fig. 7. Comparison of measured fluxes Wf pachydermgsin.) 200 0.014
in sediment traps (orange bars) vs. modeled abundances (blu
lines). Note the difference in units between sediment-trap date e N D 1 M oaA M T
[ind. m—2day1] and model output [mmolC/Aj, which does 1997 1998 1999 (b)

not hamper with the assessment of the season of maximum

foraminiferal production. Grey bars indicate gaps in sediment-trapFig- 8. N. pachydermadex.) in sediment traps (orange bars)
data. (a) Ocean Station PAPA, in northwest Pacific?50 145 W vs. modeled abundances (blue lines). Symbols and layout of the
(Reynolds and Thunelll985 Sautter and Thunelll989 Wong  graphs are the same as in Fig. T7a) northern North Atlantic,

et al, 1999; (b) Weddell Sea, 64.91S 2.55 W, in the Southern ~ 69.69 N 0.48° E (Jensen1998; (b) Subantarctic Zone, 46.76
Ocean Donner and Wefer1994). 142.07 E (Trull et al,, 200%; King and Howard20033b).

3.3 Spatio-temporal distribution pattern 4 Discussion

We analyzed the model prediction for the temporal varia-4 | Comparison with core-top data
tion of G. bulloidesin the North Atlantic. Fig. 12 shows
the model output of5. bulloidesconcentrations throughout
the year in the North Atlantic. The maximum concentrations
occur around 40N during spring (March—April) and around
60° N during summer (June-July), following the phytoplank-
ton bloom in the model.

In general, the global distribution patterns of foraminifera
species predicted by the model are very close to those ex-
pected from core-top data.

The core-top data reflect the integrated flux through the
water column, while our model reflects the situation in the
3.4 Sensitivity experiment: spatio-temporal distribution Mixed layer. As a consequence, some of the discrepancies

patterns with constant temperature between model and core-top distributions could be due to

the different depth habitats of the species. However, the five

We ran the foraminifera module with a constant tempera-species simulated in our model live for most of their life cycle
ture of 12C everywhere to test the sensitivity G bulloi-  in the upper part of the water-column, thus we expect only a
desto other environmental parameters (mainly food avail- Small error at a global scale. In addition, fossil faunal assem-
ability). The chosen temperature corresponds to the optimablages may be altered by selective dissolutiBerger 1968
temperature of this species in the model. Fig. 13 shows thd hunell and Honjp1981; Le and Thunell199§ Dittert and
spatio-temporal distribution d. bulloidesin the North At-  Henrich 1999, and by displacement through subsurface cur-
lantic for this experimental run. In general, absolute concentents or bioturbation processeBg 1977 Bé and Hutson
trations of G. bulloidesare higher than in the standard run 1977 Boltovskoy, 1994. Since we can not take into account
(Fig. 12). However, seasonal pattern does not change sut®ny of these factors, these processes may explain some of the
stantially from the standard run: During spring the model discrepancies between core-top data and the model results.
predicts the highest concentrations in the southern region The global distribution pattern ¢f. pachyderm4sin.) is
(around 40) while during summer, the bloom shifts to higher very similar to that in the core-top data (Fig. 2). Distinct
latitudes. N. pachydermésin.) genotypes were identified Byarling et
al. (2004 in the Arctic and Antarctic polar/subpolar waters.

Biogeosciences, 5, 89941, 2008 www.biogeosciences.net/5/891/2008/



I. Fraile et al.: A dynamic global model for planktonic foraminifera 903

[ind. m*d' )T T T T T T T T T T IIT T T T T T T T T T T T T T T T T T [mmolC/m3] LTS R R e e e e 2 B /m3]

WR20 (555m) WR3U (1848m) | WRdu(1717) 81 (2195m) CB-2u (3502m) CB-30 (730m) CB-do (733m)

1250 i J0.025 600 - 40.0199
Sedimgnt-trap 500 Model output Sediment-tra H0.0187
1000 data H0.022 lodel outpu P Cu; nt-trap
Model output pa | A ata
pd f 400 | L 40.0175

750 I Ho.019
40.0163
500 0.016
10.0151

250 0.013

-0.0139

0 0.01

S WO T Y WO Y S
MAMJJASONDJFMAMJJASONDJFMAMJJASOND

0 0.0127
1989 1990 1991 (a) MAMJJASONDJFMAMJJASOND JFMAMJJASOND JFMAMJ JAS ON
1988 1989 1990 1991 (a)
find. m*d'j—o—o——/——m——mmm——m——m—————— [mmolC/m3]
WCT2-1.U (137 1m) WCT2-2:U (1586m) [ind. m2d T L e e T [mmolC/m’]

350 10.355 WA20-1:20 (591m) WA30-1:20 (671m)

180§ 0.022

300 - Model output 10308 160 0.021

Model output

Sediment-trap
data

250 10.255 140 0.02

2001 0.205 1207 -0.019
150 {0.155 1005 o.018
80+ Ho0.017

100 - 10.105
60~ Jo.016
50 10.055 0 0.015

P S e R S S R R P
N oy FMAMI I AS OND I FMAMY 4 A28 20 -{0.014
1907 1998 1999 (b) o L N I S O ey o . 0.013
ONDJ FMAMUJIJIJ AS ONDUJIFMAMUJIJA
1992 1993 1994 (b)

Fig. 9. Comparison of measured fluxes®f bulloidesin sediment
traps (orange bars) vs. modeled abundances (blue lines). Symbolsig. 10. Comparison of measured fluxes &f ruber (white) in
and layout of the graphs are the same as in Figa)JWalvis Ridge,  sediment-traps (orange bars) vs. modeled abundances (blue lines).
20.05 S 9.16 E (Fischer and Weferl99§ Zaric et al, 2005; (b) Symbols and layout of the graphs are the same as in F(g) Cape
northwest Pacific, 39.0IN 147.00 E (Mohiuddin et al, 2002. Blanc, 21.18 N 20.69 W (Fischer and Wefer1996 Fischer et al.
1996 Zaric et al, 2005; (b) western equatorial Atlantic, 7.835
28.02 W (Fischer and Wefer1996 Fischer et al.1996 Zari¢ et
Those cryptic species seem to have different environmenta#l., 2005.
preferencesRauch et al.2003. Accordingly, the tempera-

ture tolerance of the populations in the southern hemispherr[‘ind. 121 e [mmoIC/m7]
is larger than that of North Atlantic populatioD#rling et

al.,, 2006. For the calibration we did not take different geno- 1287 0.0165
types into account. This causes a discrepancy at the edc 100 |

of the distribution in the North Atlantic, where the temper- - Model output 0.016

ature tolerance range is narrower. In fact, the model outpu
agrees slightly better with the core-top data in the Southerr
Ocean, where the Root Mean Square Error is 8.7% compare
t0 9.3% in the northern hemisphere. This result reflects the
fact that our parametrization is mainly based on the temper
ature tolerance of the southern population. However, the dif-
ference between hemispheres is not large, and treating the
dlff_erent genqtypes ail. pachyderr_nﬁs_lr_m) as a single eco- Fig. 11. Comparison of measured fluxes &. sacculiferin
logical group in the model seems justified. sediment-traps (orange bars) vs. modeled abundances (blue lines).
For N. pachydermddex.) the model was able to predict Symbols and layout of the graphs are the same as in Figay.
the high relative abundances (up to 90%) found in core-topcentral Bay of Bengal, 13.23 89.35 E (Guptha et a].1997).
data from the eastern equatorial Pacific and Benguela up-
welling systems (Fig. 3). In contrast, in the upwelling system
off NW Africa, the model predicts too high relative abun- this region, the surface temperature in the model is higher
dances ofN. pachydermgdex.), while those in North At- than that typical folN. pachydermgdex.) (minimum tem-
lantic (40 - 70° N) were underestimated. A noticeable dis- peratures above 2€). It is therefore possible thd. pa-
crepancy arises in the equatorial Pacific, north of the eastehyderma(dex.) from these core-tops represent a popula-
ern boundary upwelling region, where the model underestition living below the mixed layer, as has been described in
mates the relative abundance df pachydermgdex.). In previous studiesMurray, 1991 Pujol and Grazzini1995

0.0155

0.015

0.0145
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Fig. 12. Modeled monthly concentrations &f. bulloidesin the North Atlantic in the standard run.
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Fig. 13. Modeled monthly concentrations &f. bulloidesin an experiment with constant mixed layer temperature ¢f@2
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Kuroyanagi and Kawahat2004), or that they are expatri- the majority of sediment-traps have been deployed close to
ated specimens from the upwelling region. the coast (Fig. 1), where environmental conditions and eco-
The model-generated global pattern &f bulloidesfor logical successions are more complex than in the open ocean.
the Atlantic, Pacific and Southern Oceans agrees well withThe lack of sediment-trap data in open-ocean settings is an
core-top data (Fig. 4). The model, however, underestimatesbstacle for a global scale comparison. Nevertheless, in gen-
the abundance db. bulloidesin the northern Indian Ocean. eral, the seasonal pattern of species concentrations in the
This underestimation could be due to the differ&ntulloi- model is similar to the sediment-trap records (Table. 4).
desgenotypes. The two warm water types are found mainly
in tropical/subtropical regions, whereas cold water types are,
found in transitional to subpolar watetsycera and Darling
2002. Zaric et al.(2009 studied the sensitivity of several

planktonic foraminifera species to sea-surface temperatur%olar/subpolar waters, and the maximum production of this

?hned t?gr].?:l(jlﬁg:]nagsgaaofggt'?gfsf nal;l.lsl'dfﬁzrez(:::_materspecies occurs during a short period in summer, together with

pical indl 1pris inly W WalClihe phytoplankton bloom. Fdt. pachydermédex.), the sea-
genotype. Smge the parametnzauon .Of the modelis done at 8on of maximum production varies between locations. How-
global SC"?"e without speglflcally considering the warm Waterever model prediction and sediment-trap data coincide in
type, the mcrease_d relatlye abundance of warm-watdn- 75% of the cases (Table 4). For the stations in Peru-Chile cur-
lloides in the tropical Indian Ocean cannot be captured by

. . . . .2 rent and northwest Pacific, model prediction and sediment-
the model. The high concentrations simulated in the Arab|ar}rap data differ substantially. However, in the former loca-
Sea are due to an unrealistically high phytoplankton concen: '

S " ..~ tion, the sampling period is limited to a single year and the
tration in the ecosystem model. In addition, the modification . . o
T . K data shows an irregular pattern without a distinct seasonal
of the normal distribution by the introduction of the food- g P

dependent relation (through the parameté Eq. 3) allows pefa.k, yvheregs in the northw_est Pacific the ?ntgrannual vari-
G. bulloidesto grow in tropical waters. The moael underes- ability in s_ed|ment—tr§1p data is very high. It is likely that at
- ) S . these particular locations the sediment traps do not reflect the
timates relative abundances®f bulloidesin the upwelling mean long-term flux pattern
regions off northwest Africa, Peru-Chile and Benguela as a '
result of the overestimation df. pachydermgdex.) con- For most of the locations, the season of maximum produc-
centration. This could be due to the higher turnover-rate oftion of G. bulloidessimulated by the model does not coincide
G. bulloidesin comparison to that dfl. pachydermddex.),  with the observations. At Ocean Station PAPA (northeast Pa-
which is not included in this model. cific) the modeled seasonal peaks are delayed with respect to
The simulated global distribution pattern @&. ruber  sediment-trap data, whereas in the Peru-Chile current and off
(white) is in good agreement with the core-top data. Only in Cape Blanc, the peak occurs too early. At the Walvis Ridge,
the northern Indian Ocean are abundances somewhat overegose to the coastal upwelling zone, the model predicts suc-
timated (Fig. 5). This may be due to the underestimation ofcessfully the bimodal pattern (Fig. 9a). However, when con-
G. bulloidesin the model as we compare relative abundancessidering the absolute flux maximum in each year, the season
Both core-top data and model output show that the distri-when it occurs varies throughout the sediment-trap record.
bution of G. sacculiferis limited to tropical areas (Fig. 6). At Ryukyu Islands (northwest Pacific) two sediment traps
The model favorably captures the distribution patterns in thewere deployed during the same period, but maximum pro-
Atlantic and eastern Pacific Oceans. The predicted relativéluction seasons recorded in both traps are different. The dif-
abundances o6. sacculiferin the Indian and western Pa- ferences observed in the sediment-trap data highlights dif-
cific Oceans are underestimated in the model. The observeticulties in comparing model predictions and observational
distribution shows a wider spatial range than in the model.data.

This could be due to competition exerted ®y ruber. The The season of maximum production®f ruber(white) in
abundance of this species is overestimated in the mentioneg,e o de| corresponds to the recorded data in 6 of 8 stations.
regions and therefore competition is exerting a stronger N,y ever, in the western Atlantic, the model produces highest
fluence on the other species. concentrations too early in the year (Table 4). On the other
hand, the variations in the sediment-trap data are very small
and seem to occur randomly.

Simulated variations oN. pachydermgsin.) correlate
ell with sediment-trap data. In 80% of the cases, the prea-
dicted season of maximum production coincides with obser-
vational data. In the modéll. pachydermdsin.) lives in

4.2 Comparison with sediment-trap data

The comparison between model predictions and sediment- Only very few data are available to compare seasonal vari-
trap records bears several difficulties. Most of time seriesations ofG. sacculifer Model and sediment-trap data show,
only represent short sampling periods (single or a few years)in general, lower concentrations than the other four species
Sediment traps that were deployed for more than one yeaand little seasonal variability in all sites. This is not surpris-
show pronounced interannual variability that is not captureding considering tha6G. sacculife is limited to tropical wa-

by the model due to the climatological forcing. Moreover, ters, with small seasonal temperature range.
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4.3 Sensitivity analysis ison is hampered by interannual variability not captured by
the model.

In an attempt to assess the sensitivity of the model to the A sensitivity experiment using a constant temperature of

chosen parameter values, we performed a sensitivity anal{ > indicates that food availability (primary production in

ysis of the parameters. The procedure used was similar tghe case ofG. bulloide$ is an important factor controlling

other marine plankton models (e.grasham et al.1990. the distribution of some species.

We kept the parameters that are common to the ecosystem o model provides a tool that will contribute to better as-

model_ c_onstant, and modified only the va_Iues chosen for th%essing how changing environmental conditions in the geo-

foraminifera module. We run the model with each parameterjggica| past affected the distribution of foraminifera in space

altered by half and twice the standard value respectively 10, time.

determine which parameters have the most effect (Table 3). 5 antitative data and a better knowledge of ecological
The sensitivity was quantified by calculating the change Ofprocess from laboratory and field studies are essential for fur-

RMSE between the sensitivity experiment and the standardyer jmprovement of the current model. Results may also be

run. The results (Table 3) indicate that none of the paramy,rqyed by including additional information, such as differ-

eters lead to uniform changes for all species. The modely; c|asses of zooplankton, or by explicitly resolving depth.
seems to be more robust f@. sacculiferthan for other
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