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Abstract. Planktonic Foraminifera are a major contributor
to the deep carbonate flux and their microfossil deposits
form one of the richest databases for reconstructing pale-
oenvironments, particularly through changes in their taxo-
nomic and shell composition. Using an empirically based
planktonic foraminifer model that incorporates three known
major physiological drivers of their biogeography — tem-
perature, food and light — we investigate (i) the global re-
distribution of planktonic Foraminifera under anthropogenic
climate change and (ii) the alteration of the carbonate
chemistry of foraminiferal habitat with ocean acidification.
The present-day and future (2090-2100) 3-D distributions
of Foraminifera are simulated using temperature, plankton
biomass and light from an Earth system model forced with
a historical and a future (IPCC A2) high CO; emission sce-
nario. Foraminiferal abundance and diversity are projected
to decrease in the tropics and subpolar regions and increase
in the subtropics and around the poles. Temperature is the
dominant control on the future change in the biogeography
of Foraminifera. Yet food availability acts to either reinforce
or counteract the temperature-driven changes. In the tropics
and subtropics the largely temperature-driven shift to depth is
enhanced by the increased concentration of phytoplankton at
depth. In the higher latitudes the food-driven response partly
offsets the temperature-driven reduction both in the subsur-
face and across large geographical regions. The large-scale
rearrangements in foraminiferal abundance and the reduc-
tion in the carbonate ion concentrations in the habitat range
of planktonic foraminifers — from 10-30 umol kg~ in their

polar and subpolar habitats to 30-70 pmol kg~ in their sub-
tropical and tropical habitats — would be expected to lead to
changes in the marine carbonate flux. High-latitude species
are most vulnerable to anthropogenic change: their abun-
dance and available habitat decrease and up to 10 % of the
volume of their habitat drops below the calcite saturation
horizon.

1 Introduction

Large-scale changes to the biogeography and shell chemistry
of planktonic Foraminifera have the potential to alter the
marine carbonate flux. Planktonic Foraminifera form shells
of calcium carbonate (tests). Through the sinking of their
tests to the seafloor, planktonic Foraminifera contribute as
much as 32-80% of the global flux of calcium carbonate
(Schiebel, 2002), despite their relatively sparse distribution
throughout the ocean (Buitenhuis et al., 2013). Thus, they
represent one of the three planktonic groups that dominate
the oceanic carbonate flux, alongside coccolithophores and
pteropods (Honjo, 1996). Indeed, much of the seafloor is
covered by foraminiferal tests. This is partly due to the ef-
ficient transport of Foraminifera to the ocean floor since they
are comparatively large (mostly between 0.01 to 1 mm) and
have rapid sinking speeds (Berger and Piper, 1972). Also, the
tests of Foraminifera are relatively well preserved because
they are composed of calcite, the less soluble of the biogenic
forms of calcium carbonate.
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Under future scenarios of climate change, ocean acidifica-
tion is projected to reduce the carbonate production by plank-
tonic calcifiers (Orr et al., 2005). As the ocean absorbs excess
atmospheric CO», the increase in dissolved CO; results in a
reduction in pH (i.e. an increase in acidity) and a reduction in
the concentration of carbonate ions [CO%‘]. This decrease in
carbonate concentration makes it more difficult for calcifying
organisms to form biogenic calcium carbonate. It also leads
to a reduction in the calcium carbonate saturation state (Q2¢)
[ca?+][co}"]

CaCO: '
Ksp 2

[Ca®*] and [CO%‘] are the calcium and carbonate ion con-
centrations and Ksp is the stoichiometric solubility product
of calcite (CaCO3).

Present-day responses of planktonic Foraminifera to an-
thropogenic change are likely to provide a “living labo-
ratory” for interpreting past responses to climatic change
that have been recorded in the sediments over geological
timescales. Foraminifera are expected to be useful biologi-
cal indicators of anthropogenic climate change in the marine
environment because

of the oceans (Feely et al., 2004), where Q¢ =

— Foraminifera are established proxies of past climatic
conditions (Kucera et al., 2005) and, by corollary, are
expected to “record” future climate change,

— the present-day global distribution of Foraminifera is
one of the best known of all oceanic taxa (Rutherford
et al., 1999) and can provide a useful baseline for mea-
suring change,

— there are no known specific predators of Foraminifera
(Hemleben et al., 1989) so changes in the distributions
of Foraminifera are more likely to reflect climatic rather
than ecological changes,

— the spatial distributions of pelagic organisms are ex-
pected to shift faster in response to climate change than
those in demersal species (Pereira et al., 2010),

— the growth rates and abundances of Foraminifera are
very responsive to changes in temperature, particularly
at the limit of their temperature range (Rutherford et al.,
1999),

— historical changes in foraminiferal abundance have been
shown to reflect anthropogenic climate change (Field et
al., 2006), and

— changes in the abundance and distribution of
Foraminifera are well preserved in ocean sediments,
and can be measured from plankton tows and sediment
traps.

Temperature, food availability and light traits demarcate
much of the foraminiferal distribution throughout the global
ocean (Hemleben et al., 1989). Temperature exerts a first-
order control on the distribution of Foraminifera (Rutherford
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et al., 1999). Each species has a unique optimum tempera-
ture range with a fairly sharp drop in their growth rates at ei-
ther extreme (Lombard et al., 2009a; Fig. S1). Yet other fac-
tors have been shown to influence the distribution patterns of
Foraminifera (e.g. Fairbanks et al., 1982; Bijma et al., 1990,
1992). Light also plays an important role in the distribution
of many Foraminifera species, both directly through provid-
ing energy to the algal symbionts hosted by some species of
Foraminifera (Spero and Lea, 1993) and indirectly by con-
trolling the distribution of the foraminiferal prey (Bijma et
al., 1992). There are some generalizations that can be made
about the broadscale biogeography of Foraminifera based on
light availability. Planktonic Foraminifera can be divided into
to two groups based on whether or not their tests carry spines
(spinose) or not (non-spinose). Many of the spinose species
host algal symbionts that can contribute to the growth of the
Foraminifera. Species with algal symbionts are generally op-
timized for shallow, high-light, low-nutrient environments,
so dominate the abundance in the oligotrophic gyres. Some
symbiont-barren species, such as Globigerina bulloides and
Neogloboquadrina pachyderma, are optimized for survival
in regions with high productivity. Prey availability has also
been shown to have a significant impact on the distribution of
Foraminifera (Ortiz et al., 1995; Watkins et al., 1996, 1998).
The spinose species have calcareous spines that assist in prey
capture and tend to be carnivorous or omnivorous, feeding
on copepods and other zooplankton, while the non-spinose
species tend to prefer phytoplankton (Spindler et al., 1984).

Given the sensitivity of planktonic Foraminifera to envi-
ronmental change and their contribution to the global car-
bonate flux, it is timely to address how the planktonic
Foraminifera could respond to anthropogenic perturbations
in the oceanic environment. Changes in the characteris-
tics of planktonic foraminiferal assemblages preserved in
microfossil-rich sediments and knowledge of the ecophysi-
ological traits of Foraminifera species have helped to recon-
struct past environmental conditions to as far back as 120
million years ago. Here, we reverse the problem and project
the future change by the end of the century in both (i) the
3-D biogeography of planktonic Foraminifera based on their
physiological sensitivities to environmental conditions (tem-
perature, food and light) and (ii) the carbon chemistry of their
habitat with ocean acidification.

2 Materials and methods
2.1 Earth system model and simulations

To simulate the present-day and future global ocean environ-
ments, we used the Institut Pierre-Simon Laplace Coupled
Model 4 (IPSL-CM4) model. The IPSL model couples the
Laboratoire de Météorologie Dynamique atmospheric model
(LMDZ-4), with a horizontal resolution of about 3 x 2.5° and
19 vertical levels (Hourdin et al., 2006), to the OPA-8 (Océan
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PArallélisé version 8) ocean model, with a horizontal resolu-
tion of 2° x 2° . cosg, 31 vertical levels and a surface ocean
thickness of 10 m, and the LIM (Louvain-la-Neuve Sea Ice
Model) sea-ice model (Madec et al., 1998). The terrestrial
biosphere is represented by the global vegetation model OR-
CHIDEE (Organising Carbon and Hydrology In Dynamic
Ecosystems Environment; Krinner et al., 2005) and the ma-
rine biogeochemical cycles by the PISCES (Pelagic Interac-
tion Scheme for Carbon and Ecosystem Studies) model (Au-
mont et al., 2003).

PISCES simulates the cycling of carbon, oxygen and the
major nutrients determining phytoplankton growth (PO3~,
NO3, NHZ, Si, Fe). Phytoplankton growth is limited by the
availability of external nutrients, as well as temperature and
light. The model has two phytoplankton size classes (small
and large), representing nanophytoplankton and diatoms,
as well as two zooplankton size classes (small and large),
representing microzooplankton and mesozooplankton. The
C:N:Pratios are assumed to be constant at 122 : 16 : 1 (An-
derson and Sarmiento, 1994), while the internal ratios of
Fe:C, Chl:C and Si: C of phytoplankton are predicted by
the model. For more details on PISCES, see Aumont and
Bopp (2006) and Gehlen et al. (2006).

To produce the simulations used here, the IPSL model
is forced with historical (1860-1999) CO, emissions (Mar-
land and Andres, 2005) and the IPCC AR4 (Fourth Assess-
ment Report) A2 high CO2 emission future (2000-2100)
scenario (Nakicenovic et al., 2000). To calculate the input
fields for the FORAMCLIM model (i.e. ocean temperature,
T; total phytoplankton concentration, PHY; photosyntheti-
cally active radiation, PAR; and the carbonate ion concen-
tration, CO%‘), a monthly climatology is calculated by av-
eraging the drift-corrected fields over two 10-year periods:
present (2000-2009) and future (2090-2099). These IPSL
model simulations have been evaluated over the historical
period (Schneider et al., 2008) and have contributed to mul-
timodel studies of the future change in marine primary pro-
ductivity (Steinacher et al., 2010) and the carbon cycle (Roy
etal., 2011).

2.2 Foraminifera model (FORAMCLIM)

We use the FORAMCLIM model (Lombard et al., 2011) to
simulate the growth rates and the abundances of eight com-
mon and widely studied foraminiferal species. Five of the
simulated species are spinose (Orbulina universa, Globigeri-
noides sacculifer, Globigerinoides ruber, Globigerinella si-
phonifera, Globigerina bulloides) and three species are non-
spinose (Neogloboquadrina dutertrei, Neogloboquadrina in-
compta, Neogloboquadrina pachyderma). The FORAM-
CLIM model incorporates (i) the response of each species of
Foraminifera to multiple environmental drivers (food, tem-
perature and light) and (ii) the impact of these drivers on
independent process (photosynthesis, nutrition and respira-
tion). Growth rates in the model are the result of the antago-
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nism between food inputs (nutrition, photosynthesis) and the
physiological expenses of the organisms (respiration). For a
full appreciation of the model design, readers are encouraged
to refer to the model description in Lombard et al. (2011) and
references therein.

The growth-rate relationships in FORAMCLIM were
based on the observed physiological responses of living spec-
imens under controlled laboratory conditions (Lombard et
al., 2009a, b, 2011). In FORAMCLIM, the daily growth rate
n (d‘l) is calculated as In(Ws/W;), where Wi and W; are
the final and initial weights of the Foraminifera over a 1-day
period. The change in weight, AW, (ugCd~1) — that is, the
species-specific change in weight of a 250 um individual per
day - is simulated based on three main physiological rates:
nutrition (N), respiration (R) and photosynthesis by the algal
symbionts (P).

AW (T,F,PAR) =N (T,F)+ P(T,PAR)—R(T) (1)

These physiological rates are a function of ocean tempera-
ture (7)), light (PAR, photosynthetically active radiation) and
food concentration (F). Here, the total phytoplankton con-
centration (PHY) is used as a proxy for F, according to Lom-
bard et al. (2011). We use the 3-D decadal-mean climatolo-
gies of T, F and PAR for present and future time slices of
the IPSL model simulations.

The relationships between growth rates and abundances
were calibrated against abundances observed in multinet
plankton tows (Lombard et al., 2011). Based on the strong
relationship between physiological rates and abundances ob-
served in multinet plankton tows, an exponential relationship
between abundance (Abund, individuals per m®) and p was
assumed (Lombard et al., 2011), where

Abund = apu® —a +0.1. (2)

Generally, the abundance, or standing stock in the water col-

umn, is given by the annual mean: > %dt. In the
t=1:12
cases where we estimate the maximum abundance that could
potentially reach the ocean sediments, the monthly-mean
depth-integrated abundances are integrated over the seasonal
cycle: > Abund; (r)dz. The relative abundances, Rabund,
1=1:12

for each species are as follows: Rabund; = —&2und:

> Abund;
i=1:8

100 %.

All the physiological parameters are species-specific. The
most relevant parameters to this study are listed in Table 1.
The contribution of photosynthetically derived organic mat-
ter to the nutrition rate is set by both *p, the fraction of
the symbiont photosynthesis that is utilized in foraminiferal
growth, and snp, the number of algal symbionts per 250 um
individual (Table 1). Photosynthesis only contributes to the
growth rate in species that bear algal symbionts. The food-
driven component of the foraminiferal nutrition rate is largely
dependent on the half-saturation constant for the Michaelis—
Menten relationship, kn. Species with lower k, tend to be

Biogeosciences, 12, 2873-2889, 2015
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Table 1. Key species-specific parameters used in the FORAMCLIM
model. The half-saturation constant for the Michaelis—Menten rela-
tionship that describes the influence of food availability on the nu-
trition rate, kn; the fraction of the symbiont photosynthesis that is
utilized in foraminiferal growth, %p; and the number of symbionts
per individual 250 um foraminifer, spp.

kn(oCL™YH  %p sy

O. universa 1.73 0.46 716
G. sacculifer 1.32 040 1160
G. siphonifera 119 0.30 720
G. ruber 0,51 0.37 1104
N. dutertrei 1.00 - -
G. bulloides 6.84 - -
N. incompta 3.33 - -
N. pachyderma 4.70 - -

more adapted to oligotrophic waters, while species with high
kn tend to require higher food concentrations for growth.

2.3 Foraminiferal assemblage and calcite saturation
data

For model evaluation we use two independent data sets:
(i) the surface abundances from global plankton tows (Bé
and Tolderlund, 1971) and (ii) the relative abundances from
sediment top cores. The observed relative abundances of
Foraminifera in sediment cores (Fig. S2a in the Supplement)
are compiled from the MARGO (Multiproxy Approach for
the Reconstruction of the Glacial Ocean surface) database
(Barrows and Juggins, 2005; Hayes et al., 2005; Kucera et
al., 2004). Although the key focus of the MARGO database
is the reconstruction of sea surface temperatures, the relative
abundances are also available. We compiled all the available
relative abundances in the MARGO database from the top
cores and recalculated the relative abundances based on only
the eight species used in this study.

The empirical relationships between foraminiferal growth
rates and abundances in the FORAMCLIM model were orig-
inally calibrated against a compilation of multinet plankton
tow data (Watkins et al., 1996, 1998; Schiebel et al., 2001,
2004; Field, 2004; Kuroyanagi and Kawahata, 2004), which
is why we cannot use this database to evaluate the model. We
use the sampling sites from this same data set to character-
ize the carbonate chemistry of the present-day potential habi-
tat of foraminiferal species. Here we “sample” the observed
calcite saturation state, Qc, at the same locations (latitude,
longitude, depth; Fig. S2b) where Foraminifera have been
collected in multinet plankton tows (Field, 2004; Kuroy-
anagi and Kawahata, 2004). Q¢ is calculated based on the
GLODAP (Global Ocean Data Analysis Project) (Key et al.,
2004) and WOCE (World Ocean Circulation Experiment)
databases. For each species of Foraminifera we estimate the
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percentage of the abundance residing in waters of different
Q¢ ranges.

2.4 Model performance

The FORAMCLIM model captures the broadscale patterns
of abundance and species dominance. The distributions of
surface abundance from plankton tows (Bé and Tolderlund,
1971) are well captured by the model, with the highest abun-
dances in the tropics and subpolar regions and the lowest
in the subtropics (Fig. S3a). However, surface abundances
tend to be overestimated, particularly in the subtropics. This
is most likely due to the model being calibrated against
multinet plankton tow data, which uses smaller mesh sizes
(63-100 um) relative to the 200 um used by Bé and Tolder-
lund (1971).

Qualitatively, the dominant species (the species with the
highest abundance) were also simulated well by the model
with G. bulloides in the more productive upwelling areas
and temperate zones, G. ruber in the subtropical gyres, N.
pachyderma in the subpolar and polar regions and G. sac-
culifer dominating in the tropical and subtropical regions in
between (Fig. S3). The model reproduced 43 % of the ob-
served species dominance from surface plankton tow data
(Table 2). This level of agreement is lower than the model-
based and satellite-based estimates of Lombard et al. (2011)
(Table 2) and is most likely due to the displacement of the
simulated water masses and oceanic fronts relative to their
real-world counterparts, as is typical of Earth system models
(Seferian et al., 2013). Also, some species have quite similar
abundances locally, so small errors in abundance can lead to
significant errors in species dominance.

The relative abundances and diversity are well captured
by the model, with the relative abundance root mean square
errors (RMSE) ranging between 3.2 and 24.1 % and with a
diversity RMSE of 0.48 (Table 2). For all species, expect
N. pachyderma, the relative abundance RMSEs are slightly
larger than in Lombard et al. (2011) but smaller than in Fraile
et al. (2008).

In summary, there is a tendency to slightly overestimate
the standing stock of Foraminifera relative to the sparse sur-
face plankton data and to underestimate the changes in abun-
dance in response to changing environmental conditions rela-
tive to observed abundances from sediment cores (Kageyama
etal., 2012).

2.5 Modelling planktonic Foraminifera: strengths and
limitations

The two most established approaches currently used to sim-
ulate the biodiversity of Foraminifera are the ecophysiolog-
ical approach used in this study, FORAMCLIM (Lombard
et al., 2011), and the ecosystem approach developed specifi-
cally to capture dynamic changes in planktonic foraminiferal
populations, PLAFOM (Fraile et al., 2008). All approaches
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T. Roy et al.: Projected impacts of climate change and ocean acidification 2877

Table 2. Assessment of the simulated distribution of foraminiferal species (percentage of area with model-data agreement) using the plankton
tow data of Bé and Tolderlund (1971). The RMSE of diversity and relative abundance are assessed against the MARGO top-core data.
Lombard? is the model-based (FORAMCLIM) estimate from Lombard et al. (2010); Lombard? refers to the satellite-based estimate from
Lombard et al. (2010); Fraile! refers to the model-based (PLAFOM) estimate from Fraile et al. (2008).

This study Other studies
Lombard! Lombard? Frailel

Dominant species (%) 43% 59 % 71%
Diversity (RMSE) 0.56 0.48 0.52
Relative abundance (RMSE)
O. universa 3.2 3.24 3.28 -
G. sacculifer 12.1 12.38 17.46 23
G. siphonifera 6.1 5.29 6.00 -
G. ruber 24.1 23.14 17.76 25
N. dutertrei 18.3 17.53 17.23 -
G. bulloides 22.0 21.02 18.97 25
N. incompta 16.2 15.85 14.85 22
N. pachyderma 20.6 17.01 12.32 9

used for projecting climate impacts on marine biogeography
have their unique set of strengths and weaknesses (Pereira
et al., 2010). One of the drawbacks of the dynamic ecosys-
tem approach is that many processes (i.e. mortality, com-
petition and predation) are not well known (Hemleben et
al., 1989). Furthermore, the parameters that describe these
processes cannot be optimized independently using the data
that is currently available. Another limitation of the Fraile et
al. (2008) approach is that the depth profiles of foraminiferal
abundance are not simulated. Capturing vertical changes is
important if we want to estimate the impact of shifts in habi-
tat preference on both the net foraminiferal abundance and
the climate signals recorded by foraminiferal paleoproxies.
However, the dynamical approach could be better adapted to
simulate events controlled by population biology and hydro-
dynamics, which are known to be important in controlling
Foraminifera abundance and their flux to the deep ocean (De
La Rocha and Passow, 2007); these include the pulsed fluxes
of foraminiferal tests that can occur sporadically (Sautter
and Thunell, 1991) or in short bursts in response to storms
(Schiebel et al., 1995) and the advection of empty tests from
their production sites (Siegel and Deuser, 1997; von Gylden-
feldt et al., 2002).

One of the attractive aspects of the FORAMCLIM
model is that it is empirically based. The relationships be-
tween environmental conditions (i.e. light, temperature) and
foraminiferal growth rates are derived under controlled labo-
ratory conditions. Since it is impossible, based on the avail-
able knowledge, to incorporate the influence of all ecological
and physiological processes on foraminiferal abundance, the
relationships between growth rates and abundance are cali-
brated against the standing stock of Foraminifera from multi-
net plankton tows, effectively allowing us to bridge this size-
able knowledge gap. The parameters of this calibration inte-
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grate the influence of the processes unresolved by the model.
By applying the Foraminifera model to climate simulations,
we can project these observation-based relationships into the
future.

Critical to reliable model performance is that these model
relationships are realistic. Here we elaborate on a previous
discussion of the strengths and limitations of the FORAM-
CLIM model (Lombard et al., 2011). First, the laboratory-
based growth rate relationships may not hold for the real
ocean. The laboratory experiments were conducted on spe-
cific specimens whose response to environmental perturba-
tions may not be representative of the global population —
similar to the responses that have been observed for different
strains of coccolithophore species in response to changes in
carbonate concentration (Ridgwell et al., 2009; Langer et al.,
2009). Also, Foraminifera in the laboratory could be more
sensitive to perturbations in environmental conditions than
in their natural habitat. It has not been possible to reproduce
planktonic Foraminifera in the laboratory, which is one in-
dication that Foraminifera in the laboratory are not behav-
ing as they would in their natural environment. Furthermore,
the physiological responses of Foraminifera in the laboratory
could be more related to stress than to environmental per-
turbations. It is important to keep in mind that although all
physiological laboratory experiments are artificial, they are
currently the most direct approach available for quantifying
the growth response of Foraminifera to specific environmen-
tal changes.

Another potential weakness is that the relationships be-
tween the abundances and the growth rates are weakly cor-
related (Lombard et al., 2011). This could partly be due to
each morphological species being a combination of cryp-
tic species, each with distinct habitat preferences and re-
sponses to environmental change (de Vargas et al., 2002).

Biogeosciences, 12, 2873-2889, 2015
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Figure 1. Present (a, ¢) and future changes (b, d) in the total simulated abundance (all species). (A, ¢) column-integrated abundance (ind m=2)

and (b, d) zonal-mean abundance (ind m=3).

A convincing explanation for the weak relationship between
biomass and abundance could be related to the FORAM-
CLIM model not resolving variations in shell size: a wide
range of abundances can be fitted to the same total biomass of
a foraminiferal population depending on how this biomass is
distributed over different size classes. To illustrate this point,
we can take the typical biomass size spectrum from Schiebel
and Mollevan (2012): 1m3 of water with a foraminiferal
abundance of 100 individuals m—3, which are grouped into
three size classes of 100-150, 150-250 and 250+ pm, with
each size class having 75, 19 and 6 individuals respectively.
A small change in the size spectrum (e.g. having just two
more individuals in the largest and intermediate size classes
(i.e. 21 and 8 individuals respectively) would require a large
decrease in the total abundance from 100 to 68 individuals to
match the same total biomass.

Another limitation of the FORAMCLIM model is that it
currently includes only the species on which sufficient physi-
ological laboratory experiments have been conducted, that is,
8 of the approximately 50 species of morphologically distinct
planktonic Foraminifera. Therefore, it cannot be used to es-
timate the total (i.e. all-species) foraminiferal abundance, di-
versity or carbonate production. Nevertheless, based on sedi-
ment top-core samples (Kucera et al., 2004), the eight species
currently represented in the FORAMCLIM model account
for a large proportion of the total abundance (about 50 %).

3 Results
3.1 Future changes in abundance and diversity

Under climate change, temperature, food availability and
light were perturbed such that the total foraminiferal abun-
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dance (combined abundance of the eight species in the
FORAMCLIM model, Fig. 1a) shifted polewards from the
tropics to the subtropics, while abundance decreased in the
subpolar regions (Fig. 1b) by the end of the century. The
simulated depth-integrated abundance reduced by up to 40 %
in the tropics and subpolar regions and increased by greater
than 100 % in the subtropics. Throughout the tropics the to-
tal abundance (Fig. 1c) shifted deeper in the water column
(Fig. 1d), reducing the total abundance of Foraminifera at
the ocean surface by more than 50 % (> 10 ind m—3, Fig. 2b).
Under climate change the pattern of foraminiferal diver-
sity (Fig. 2c) responded similarly to that of abundance: it
decreased in the tropics, increased in the subpolar regions
(Fig. 2d) and shifted to depth in the tropics (not shown). The
decreased diversity in the tropics is primarily due to the local
disappearance of G. siphonifera and N. dutertrei.

In the simulation, three species dominated the changes in
total foraminiferal abundance: the two abundant warm-water
species — G. ruber and G. sacculifer — drove the reduction
in total abundance in the tropics and the increase in the sub-
tropics, while N. pachyderma dominated the reduction in the
high latitudes and the small increases in abundance around
the poles (Fig. 3a and b). In the tropics, the climate-driven
reductions in the distribution of G. ruber and G. sacculifer
were similar in magnitude (5indm—3), and each integrated
to a more than 100 ind m—2 reduction over the whole water
column (Fig. 3b). In the high latitudes, the poleward shift in
abundance of N. pachyderma reduced the net abundance in
surface waters (~4indm—2) and throughout the water col-
umn (~ 200 ind m—2, not shown).

The changes in relative abundance are also presented,
since this is what is measured in sediment cores. In the trop-
ics, despite the large decreases in the abundances of the two
dominant species (G. ruber and G. sacculifer), their rela-
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tive abundances at the ocean surface increased (Fig. 3c) and
the depth-integrated relative abundances changed very lit-
tle (Fig. 3d). In the midlatitudes (10-40°), the abundance
and relative abundance of G. bulloides, N. incompta and N.
dutertrei decreased, while G. sacculifer and G. ruber in-
creased. In the high latitudes (> 50°), where the species diver-
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sity is much lower than in the tropics (Fig. 2¢), the changes
in abundance resulted in changes in the relative abundance
that can interpreted more easily. Although the abundance of
G. bulloides, N. incompta and N. dutertrei barely changed
(Fig. 3a and b), the large decrease in the abundance of the
dominant species, N. pachyderma, drove a substantial in-
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crease in the relative abundance of these species (Fig. 3c
and d). The more even distribution of abundance between the
species resulted in an overall increase in the diversity index
in the higher latitudes (Fig. 2d).

3.2 Environmental drivers of foraminiferal
biogeography

It is not directly possible to separate the impact of tempera-
ture and food on foraminiferal distributions in nature, so we
turn to the model to attempt to explore the potential rela-
tive impacts of projected changes in food, temperature and
light on future foraminiferal distributions. An advantage of
the FORAMCLIM model is the ease with which the vari-
ous drivers of the changes in abundance can be disentangled.
By systematically allowing only one parameter to vary, we
can partially separate the total change in foraminiferal abun-
dance into components driven by each of the environmental
drivers — temperature, food and light. Given the paucity of
data for the evaluation of these simulated responses, these
results should be regarded as initial sensitivity experiments.
The future change in ocean temperature (Fig. 4) is the pri-
mary driver of the change in the basin-scale biogeography of
Foraminifera (Fig. 5), followed by food availability (Figs. 4,
5). Changes in light availability have a minor impact (not
shown).

Temperature was the dominant driver of the poleward shift
of foraminiferal abundance from the tropics (Fig. 5a). The
1-3°C increase in sea surface temperatures in the tropics
and subtropics (Fig. 4a), and throughout the water column
(Fig. 4b), decreased the habitat suitability in the tropical wa-
ters — the waters became too warm for optimal foraminiferal
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growth — yet increased the habitat suitability in the subtropics
(Fig. 5a) and in the deeper waters of the tropics (Fig. 5b).

In the subpolar and polar regions, where N. pachyderma
dominates (Fig. 3a, b), the shift in abundance was a com-
bined response to temperature- and food-driven changes in
nutrition rates (Fig. 5a and c respectively). The broadscale
patterns, the subpolar decrease and polar increase in abun-
dance (Fig. 5a, b) were driven by temperature (Fig. 4a). How-
ever, increases in phytoplankton concentration in localized
patches, particularly in the Southern Ocean (Fig. 4c), and
in subsurface waters (Fig. 4d) drove increases in abundance
(Fig. 5¢c and d). The increase in phytoplankton abundance
in the Southern Ocean is a shared feature of many future
climate change simulations and is explained by the allevi-
ation of light and iron limitation on phytoplankton growth
(Steinacher et al., 2010). The food-driven increases in the
foraminiferal abundance tended to offset the temperature-
driven reductions. Other areas with similar offsets include
large patches throughout the North Atlantic and the equato-
rial and coastal upwelling regions.

3.3 Species abundance and potentially suitable habitat

To assess the species-specific vulnerability of Foraminifera
to climate change we calculated the percent change in the
globally averaged species abundance and potentially suitable
habitat (Fig. 6), where the potential habitat is defined as any-
where where the environmental conditions (i.e. temperature,
food and light conditions) are sufficient for foraminiferal
growth. Some species “profited” (O. universa, G. sacculifer,
G. siphonifera and G. ruber); that is, their potential habi-
tat increased by between 5 and 20 %. Whilst higher-latitude
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species were more vulnerable (e.g. N. incompta, N. pachy-
derma), their potential habitat and net abundance decreased
by between 10 and 40%. For G. siphonifera the potential
habitat increased but the abundance decreased.

3.4 Carbon chemistry of the foraminiferal habitat

Although we do not explicitly account for the impact
of ocean acidification on either foraminiferal calcification
or physiological processes in the current version of the
FORAMCLIM model, we can make an assessment of the
potential impacts by quantifying the predicted changes in
the carbonate concentration, [CO3]%~, and calcite satura-
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tion state, ¢, within the habitat range of each species of
Foraminifera.

First, we would like to have an indication of the present-
day distribution of foraminiferal abundance within waters of
different Q¢ classes. We find that only a very small propor-
tion of the abundance of all the foraminiferal species resides
in waters with Q¢ less than 2, even though substantial vol-
umes of water with low Q¢ are sampled, particularly in the
northern high latitudes (Fig. 7). The highest foraminiferal
abundances from the multinet plankton tows were sampled
in waters with 3< Q¢ <6.

Second, we project how the carbonate chemistry of
foraminiferal habitat will change by the end of this cen-
tury. Calcite saturation states decrease throughout the global
ocean and waters with low saturations states (¢ <2) shoal
(Fig. 8a, b) and become more widespread across the surface
ocean. Most surface waters polewards of 40° have Q¢ <2.
Virtually none of the simulated present-day foraminiferal
habitat has ambient Q¢ <2. However, by the end of the
century between 10 and 95% of the habitats of most
foraminiferal species have Q¢ <2 (Fig. 8c). High-latitude
species, N. pachyderma and N. incompta, are potentially
most vulnerable, with some of their suitable habitat even be-
coming undersaturated (2c <1) with respect to calcite by
the end of the century (when Q¢ is below the threshold of
Qc = 1, mineral calcite becomes unstable). Also, the carbon-
ate ion concentrations of the potential foraminiferal habitat
decrease to between 20 and 70 pmol kg~1, with the largest
reductions in the equatorial regions (Fig. 8d).

Biogeosciences, 12, 2873-2889, 2015
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4 Discussion
4.1 Climate impacts

It is unclear how vulnerable specific foraminiferal species
may be to anthropogenic climate change. Since the last sub-
stantial extinction event in the Pliocene, the modern assem-
blage of species has remained relatively stable under glacial—-
interglacial fluctuations (Jackson and Sheldon, 1994). How-
ever, the oceanic environment is fast approaching conditions
that are well outside those of glacial-interglacial cycles. It
is expected that pelagic species, and in particular plank-
tonic species, will have the potential to escape some climatic
changes by shifting their populations to regions with more
favourable conditions (Burrows et al., 2011), as predicted
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here for species such a G. sacculifer and G. ruber. However,
we show that the available potential habitat is reduced for
high-latitude species, such as N. pachyderma, and that this
reduction is associated with a drop in the net global abun-
dance. For one species, G. siphonifera, the suitable habitat
range increases, yet its net global abundance decreases. Such
an increase in habitat range without similar increases in abun-
dance indicates that temperature, light and food availability
are perturbed such that the species can exist over a greater
habitat range but that the overall environmental conditions
are suboptimal for foraminiferal growth.

Based on the FORAMCLIM simulations, it would be ex-
pected that anthropogenically driven shifts in the basin-scale
biogeography of Foraminifera should be observable (Fig. 3a,
b). However, in sediment samples, the changes in the relative
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abundances in some regions, particularly the tropics, may
be too small to detect (Fig. 3d). Furthermore, shifts in the
species abundance can cause nonintuitive shifts in the rel-
ative abundance, particularly in regions of high species di-
versity such as the tropics. However, in the high latitudes,
where the diversity is lower (Fig. 2d), the interpretation of
the changes in relative abundance should be simpler.

We have shown that climate change is projected to al-
ter the temperature, food and light conditions that influ-
ence foraminiferal growth rates and, consequently, shift both
the vertical and geographical distributions of foraminiferal
abundance and diversity (Figs. 1 and 2). In the tropics
and subtropics, the changes in abundance are driven by the
regionally dominant species: G. ruber and G. sacculifer.
Here, temperature (Fig. 4) dominates the geographical shifts
in foraminiferal abundance, while multiple drivers (phyto-
plankton and temperature) cause the vertical shifts (Fig. 5).
On the contrary, in the polar and subpolar regions food
availability and temperature drive the geographical shifts in
foraminiferal abundance, while mostly changes in phyto-
plankton concentrations drive the vertical shifts. The changes
in the abundance of Foraminifera are associated with N.
pachyderma and are in agreement with observational stud-
ies (Fairbanks and Wiebe, 1980; Kohfeld et al., 1996; Kuroy-
anagi and Kawahata, 2004; Bergami et al., 2009) that demon-
strate that the geographical distribution was primarily con-
trolled by ocean temperatures, while the vertical distribution
was controlled by the depth of the chlorophyll maximum and
the pycnocline. Light does not produce a strong change in
abundance in our simulations and is therefore not discussed
here. In reality, however, the response of symbiont-bearing
Foraminifera to light is likely to be much more complex than
simulated in the Foraminifera model.

The drivers of vertical and horizontal distributional
changes can differ because food, light and temperature may
have impacts on foraminiferal abundances that are uncorre-
lated: they either act to reinforce or counteract each other’s
impact on foraminiferal abundances. Also, the drivers them-
selves may not be well correlated. Under climate change,
Earth system models simulate increases in ocean temperature
in most regions, yet PP (primary product) can either decrease
or increase (Steinacher et al., 2010). Furthermore, the nu-
tritional requirements are unique to each species, represent-
ing the different strategies that Foraminifera use to feed and
grow. Symbiotic species have a strong dependence on light
availability. Therefore, they mostly display horizontal effects
and vertical shifts that are restricted to the euphotic zone
(up to about 200 m). Species without symbionts can display
less restricted vertical responses because they do not rely di-
rectly on light. They can travel as deep as the food source.
Species with a stronger prey dependency are more likely to
be more sensitive to changes in the availability of prey than
temperature. This complexity is taken into account in the
ORCA, PISCES and FORAMCLIM models. For example, in
the high latitudes, the dominant species here, N. pachyderma,
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drives much of the change in the simulated total foraminiferal
abundance. Its abundance is reduced throughout most of its
habitat range in response to a warming ocean, but its abun-
dance increases over patches of the ocean and shifts to depth
in some regions, in response to an increase in food availabil-
ity. By contrast, in the tropics and subtropics the dominant
species G. sacculifer and G. ruber shift polewards and deeper
in the water column both as the thermocline and nutricline
deepen, yet food availability does not contribute to the latitu-
dinal shifts because the column-integrated food availability
is not altered significantly throughout the habitat range.

We show that climate change could result in vertical shifts
in foraminiferal abundance that are driven by either food
availability or temperature or by both. Interestingly, compa-
rable vertical shifts in foraminiferal abundance over glacial-
interglacial time periods may complicate the reconstruction
of sea surface temperatures from foraminiferal microfossil
deposits: in paleoclimate reconstructions the vertical distri-
butions Foraminifera are generally assumed to be stationary
over time (e.g. Kucera et al., 2005).

Opinions differ on the relative impacts of food availabil-
ity, temperature or other environmental factors on the dis-
tribution of planktonic Foraminifera. Although it is gener-
ally accepted that at the extremes of a species temperature
tolerance, temperature drives the changes in the geograph-
ical extent of Foraminifera (Rutherford et al., 1999), each
species’ preferred temperature range is broad. Within these
temperature ranges it has been shown that regional patterns
of abundance are strongly correlated with species-specific re-
sponses to food, light (Ortiz et al., 1995; Watkins et al., 1996;
Field, 2004) salinity and turbidity (Retailleau et al., 2011).
By contrast, it could be argued that food availability is gener-
ally adequate to maintain foraminiferal populations and that
changes in abundance are primarily temperature-driven. A
database of time series of abundance and assemblage data
and concomitant environmental measurements of tempera-
ture, food and light would be an invaluable resource for the
evaluation of the drivers of the simulated changes in the dis-
tributions of foraminiferal abundance.

The simulated response of foraminiferal diversity to cli-
mate change may differ significantly if all extant species
could be included in the model. For example, tropical species
present in low concentrations, but excluded in this analy-
sis, could flourish as temperatures increase. Also, the vertical
stratification of large regions of the global ocean should in-
crease with climate change (Sarmiento et al., 2004), which
can increase vertical niche separation, thereby allowing a
greater diversity of species to subsist (Al-Saboui et al., 2007).
By including more species in the FORAMCLIM model,
these effects could counteract the simulated decrease in di-
versity in the tropics. Another important factor that will in-
fluence how diversity responds to climate change is that most
foraminiferal morphospecies have many genotypes that ex-
hibit specific ecology, habitat preferences and biogeography
(Aurahs et al., 2009). A potential approach to incorporate
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more species diversity, and to partially circumvent the lack
of information on key ecological and physiological processes
for many foraminiferal species, would be to apply the self-
assembling biodiversity approach (Follows et al., 2007) to
simulate more complex foraminiferal assemblages.

4.2 Calcification and acidification impacts

If net calcification were to scale directly with foraminiferal
abundance, the large-scale rearrangements in abundance with
climate change would alone cause significant changes in
regional carbonate production. For example, in the trop-
ics and subtropics the 40% decrease in total simulated
foraminiferal abundance could produce a 20% reduction
in total planktic foraminiferal carbonate production, given
that the eight species in the FORAMCLIM model account
for about 50 % of the total planktonic foraminiferal abun-
dance observed in the sediment core tops (Kucera et al.,
2004). Such population-driven impacts on carbonate pro-
duction could be further amplified or dampened if calcifica-
tion rates themselves are impacted by anthropogenic change.
Ocean acidification and the associated decrease in carbonate
ion concentrations can alter foraminiferal calcification rates
(Lombard et al., 2010; Keul et al., 2013), while higher ocean
temperatures could accelerate calcification rates within cer-
tain temperature windows.

With future increases in atmospheric CO2, we show
that the carbonate concentration of the preferred habitat
range of planktonic Foraminifera decreases zonally from
10-30 umol kg~ in the polar and subpolar regions to 30—
70 umol kg~1 in the subtropical and tropical regions by the
end of this century (Fig. 8d). Even without dropping below
the calcite saturation state, such changes in carbonate ion
concentration may have significant impacts on foraminiferal
tests. Evidence exists for shell thinning in Foraminifera over
recent (de Moel et al., 2009; Moy et al., 2009) and geologi-
cal timescales (Barker and Elderfield, 2002), and it has been
suggested that these changes are a response to higher atmo-
spheric CO, concentrations and the reduction of carbonate
ion concentrations (Keul et al., 2013). As with other calcify-
ing planktonic species (Riebesell et al., 2000; Zondervan et
al., 2001; Fabry et al., 2008; Comeau et al., 2010), calcifica-
tion by Foraminifera is sensitive to changes in the carbonate
ion concentration both in their natural environment (Beer et
al., 2010) and in laboratory cultures (Spero et al., 1997; Bi-
jmaetal., 1999, 2002; Russell et al., 2004; Beer et al., 2010;
Lombard et al., 2010; Manno et al., 2012; Keul et al., 2013).

Despite the uncertainties associated with foraminiferal
calcification, it is interesting to have a sense of the magni-
tude of the change in calcification that could be expected
by applying laboratory-derived relationships (i.e. calcifica-
tion vs. carbonate ion concentration) from the literature to
the foraminiferal distributions and the carbonate ion concen-
trations simulated here. For example, in a series of labora-
tory experiments, a reduction of 3040 umol kg~ in the car-
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bonate ion concentration was associated with a 21-30 % re-
duction in the calcification rates of N. pachyderma (Manno
et al., 2012). The reduction in the carbonate ion concentra-
tion throughout the habitat of N. pachyderma is projected
to be ~ 30 umol kg~ (Fig. 8d), and, by crude extrapolation,
we could expect a similar >20% drop in the net N. pachy-
derma foraminiferal carbonate flux in the high latitudes due
to ocean acidification by the end of this century. This reduc-
tion would reinforce the reduction in carbonate production
due to the net climate-driven decrease in abundance of this
species throughout its habitat range (Figs. 3b, 6). Similarly,
based on the observed changes in the calcification rates of
G. sacculifer with carbonate ion concentration (Bijma et al.,
2002; Lombard et al., 2010, see Eq. 3), the projected reduc-
tion of up to 70 umol kg1 in the carbonate ion concentration
in the tropical and subtropical habitat range of G. sacculifer
(Fig. 8d) could result in an up to 10 % reduction in the cal-
cification rates of this species. Again, this would reinforce
the reduction in carbonate production associated with the de-
crease in the abundance of this species throughout the tropics
(Fig. 3b), yet it would counteract the increase in carbonate
production associated with enhanced abundance in the sub-
tropics.

In the polar and subpolar regions, N. pachyderma domi-
nates the assemblages (Fig. S3b). The tests of N. pachyderma
are expected to be the most vulnerable to dissolution because
the polar regions have lower carbonate ion concentrations
and are consequently closer to the threshold of calcite satu-
ration (€2 = 1). We show that by the end of the century, most
of the habitat of high-latitude species drops below the cal-
cite saturation state of 2 with more than 10 % of the poten-
tial habitat of the dominant high-latitude species, N. pachy-
derma, residing below the saturation horizon (Fig. 8c); this
could result in shell dissolution throughout this range.

Although calcification by Foraminifera is directly influ-
enced by coZ-, many other environmental factors besides
ambient carbonate ion concentrations influence the shell
weight (de Villiers, 2004), including temperature (Hemleben
et al., 1989; Manno et al., 2012), light (Spero, 1992; Lom-
bard et al., 2010) and growth potential (Aldridge et al.,
2012). Clearly, the environmental controls on calcite pro-
duction by Foraminifera are still poorly understood. A com-
plex intra- and interspecies-specific interplay of factors drive
foraminiferal shell weights (Beer et al., 2010). Both the mag-
nitude and the sign of the slope of the relationships between
shell weight and carbonate ion concentrations vary between
and within a species (Keul et al., 2013), and they vary widely
depending on whether the relationships were based on plank-
ton tows (Beer et al., 2010), top-core sediments (Barker and
Elderfield, 2002) or laboratory cultures (Bijma et al., 1999,
2002). A quantitative assessment of the impact of acidifica-
tion on the foraminiferal carbonate flux can be made with
confidence only once these complexities have been taken into
account.
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To quantify the foraminiferal carbonate flux, further model
development should be encouraged, particularly the incorpo-
ration of enhanced species diversity, shell calcification pro-
cesses and empirical relationships between environmental
conditions and foraminiferal size. Ideally, future models will
also incorporate the physiological response of foraminiferal
calcification to multiple environmental drivers.

4.3 Future challenges

The challenge remains to observationally evaluate how well
Foraminifera models capture changes in abundance in re-
sponse to environmental change. There is little large-scale
observational evidence for historical trends in foraminiferal
abundance and diversity over the period of anthropogenic
climate change. Large-scale changes in foraminiferal abun-
dance have been observed in continuous plankton records
over the last 5 decades in the North Atlantic that are intrigu-
ingly similar to our simulations (McQuatters-Gollop et al.,
2010), with a large increase in the frequency of plankton oc-
currence between 40 and 60° N. However, further analysis
of this data set is required before a quantitative assessment
can be made. Changes in species compaosition in response to
anthropogenic climate change have been observed in the sed-
iment record of the Santa Barbara Basin (Field et al., 2006).
It was shown that historical warming trends were associated
with an increase in the abundance of tropical and subtropical
species and a decrease in subpolar and polar species (i.e. N.
pachyderma) over the 20th century.

Ideally, the FORAMCLIM simulations should be tested
against present-day time series of planktonic abundance and
the key environmental variables such as temperature, phy-
toplankton concentration and light. For future studies, there
are several instrumental records that should become available
and provide an invaluable resource to improve our under-
standing of the environmental controls on the biogeography
of Foraminifera, including data collected with (i) plankton
tows, (ii) sediment traps (Zaric et al., 2005), (iii) sediment
cores and (iv) continuous plankton recorders (CPR).

The plankton tow data used here for the construction of
the empirical relationships between physiological growth
rates and abundances represent only a subsample of what
should become available in the future. More studies of histor-
ical trends in the assemblage of planktonic Foraminifera de-
posited in ocean sediments, such as that of Field et al. (2006),
would be invaluable for evaluating the longer-term responses
of species assemblages to climate change. However, such
studies are restricted to ocean sediment cores from loca-
tions with high sedimentation rates and sufficient temporal
resolution to determine historical trends. These would not
be expected to provide the spatial coverage required for the
basin-scale evaluation of global models. CPR records pro-
vide long time series of plankton diversity, yet, unfortunately,
we found that the routine preservation protocol used to store
CPR samples did not preserve Foraminifera well enough to
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determine relative abundances or shell weights for the con-
struction of historical long-term time series. Only the most
robust individuals were preserved, and even their shells were
found to be brittle and difficult to speciate. This should be
less of a problem for younger samples. Another potential
complication with foraminiferal CPR data is that the sam-
ple may not represent the mean surface ocean distribution of
Foraminifera because (i) the CPR does not resolve different
water depths and (ii) the large mesh size (>200 um) means
that the smaller fraction of the foraminiferal fauna is not cap-
tured in the samples. Nevertheless, by taking the statistics of
the CPR sampling protocol into account, it should be possi-
ble to use the total abundance of Foraminifera recorded in the
original written records for each CPR sample to evaluate the
simulated changes in total foraminiferal abundance from the
model.

Sedimentary  paleorecords on  glacial-interglacial
timescales may be useful analogues for historical cli-
mate change. However, it can be difficult to know which
combination of species is driving the observed changes
in relative abundance. The differential dissolution of
Foraminifera in the sediments further complicates the
interpretation of the signals recorded here. Also, we do
not have direct measurements of the key environmental
drivers of foraminiferal abundance — temperature, light,
food availability — back through time and must draw on
proxy-based estimates of these quantities, which are plagued
by similar uncertainties, and the proxies themselves are
often based on Foraminifera.

Improved skill in representing the simulated responses
of foraminiferal growth and abundance to environmental
change and variability in models will increase our confidence
in both future projections of foraminiferal biogeography
and the reconstructions of past climates. Subsequent studies
should focus on (i) the continued sampling of foraminiferal
diversity, abundance and shell size and concomitant bio-
physical parameters to quantify changes in their distributions
in response to environmental perturbations and (ii) evalu-
ating the detectability of large-scale biogeographical shifts
driven by climate change given the natural variability in
foraminiferal distributions. Given that the distributions of
Foraminifera are one of the best known of all the taxa in
the pelagic ocean and given the feasibility of monitoring the
large-scale changes in Foraminifera, we have confidence that
ongoing model-data syntheses should lead to the detection
and attribution of anthropogenically driven changes in large-
scale planktonic foraminiferal distributions.

The Supplement related to this article is available online
at doi:10.5194/bg-12-2873-2015-supplement.
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