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ABSTRACT: With progressive future global change, marine phytoplankton in surface oceans will
be subjected to ocean acidification, as well as to increased solar exposures and decreased vertical
transport of nutrients from depth due to increasing stratification. We employed a simultaneous
multivariate treatment approach to investigate the physiological and biochemical responses of the
diatoms Thalassiosira pseudonana and Skeletonema costatum to these projected ocean changes.
Diatoms were grown under different ‘clustered’ regimes of solar radiation, nutrients, and pCO,
(pH), reflecting present-day (2011) and potential mid-century (2050) and end-of-century (2100)
scenarios. Growth rates, chlorophyll a contents and maximal photochemical quantum yield all
decreased from the present to 2100 scenarios. While cellular particulate organic carbon signifi-
cantly increased in both species along with increased cellular organic C:N ratios, biogenic silica
content showed species-specific differences among the cluster treatments. Our results suggest
that reduced thickness of the upper mixed layer with enhanced stratification may interact with
ocean acidification to influence diatom-related biogeochemical processes by affecting their
growth and biochemical composition in species-specific ways.
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INTRODUCTION

Changes in the magnitude of primary production
and associated biogeochemical cycles in the ocean
have largely controlled geochemical processes of the
Earth over 3 billion years (Falkowski et al. 1998).
Marine primary producers respond to ocean acidifi-
cation (OA; including reduced pH and altered car-
bonate chemistry associated with increasing atmos-
pheric CO, rise) and/or warming differentially
according to their ecological niche, species diversity
and other concurrent environmental forcing (Hut-
chins et al. 2009, 2013, Boyd et al. 2010, Riebesell &
Tortell 2011, Gao et al. 2012a, Fu et al. 2014). Interac-
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tions of changing levels of temperature (Fu et al.
2007), visible light (Feng et al. 2008, Gao et al.
2012b), UV radiation (Gao et al. 2009) or nutrients
(Shi et al. 2010, W. Li et al. 2012) with OA can result
in dramatically different effects on phytoplankton
species compared to the impacts of pH (pCO,) alone.

Consequently, single or dual variable experimental
designs have been suggested to be insufficient to
take into account the confounding effects of mutual
interactions between multiple environmental change
variables (Boyd et al. 2010, Boyd 2011). To investi-
gate the complex integrative effects of multiple
ocean change factors, a new approach has been sug-
gested for experimental designs that empirically tests
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the combined effects of simultaneously changed
variables (Boyd et al. 2010). This approach, referred
to as a 'cluster experiment’, uses grouped variables to
simulate the net effects of multiple concurrent
changing factors. One experiment has been pub-
lished using this new approach that tested the effects
of cluster combinations of CO,, light, temperature
and iron on the growth and physiology of Southern
Ocean diatoms and prymnesiophytes (Xu et al. 2014).

Previously, OA effects on particular diatom species
have been shown to vary with irradiance, including
stimulatory effects under low or moderate levels of
light (Wu et al. 2010, Gao et al. 2012b), or no effect
(Tortell et al. 2000, Yang & Gao 2012), or inhibitory
effects under high light levels (Gao et al. 2012b, Li &
Campbell 2013). Regardless of these discrepancies,
mitochondrial respiration and photorespiration were
found to increase under OA conditions in the diatoms
Phaeodactylum tricornutum and Thalassiosira pseu-
donana (Gao et al. 2012b) and a green alga Ulva pro-
lifera (Xu & Gao 2012). On the other hand, OA treat-
ment has been shown to sometimes reduce mito-
chondrial respiration as well (Hennon et al. 2014).
Usually, high-light grown algae respire faster (Verity
1982); therefore, the combination of increased ex-
posure to both light and CO, may lead to enhanced
respiration.

Shipboard experiments showed that diatom abun-
dance decreased at CO, levels below 800-1000 patm
in the South China Sea (Gao et al. 2012b); how-
ever, diatom-dominated phytoplankton assemblages
showed increased growth rates under similar levels
of CO, enrichment in the Ross Sea (Tortell et al.
2008). Obviously, diatom responses to OA may de-
pend on species-specific metabolic pathways, as well
as on the regional environmental conditions that they
are adapted to (reviewed in Gao & Campbell 2014).

Studies have also examined the combined effects
of OA with light in diatom cultures (Wu et al. 2010)
and field populations (Feng et al. 2010). OA interac-
tions have additionally been determined for several
groups of phytoplankton with temperature (Fu et al.
2007, Feng et al. 2008, 2009) and with UV radiation in
the model diatom P. tricornutum (Y. Li et al. 2012),
while several studies have examined interactions of
warming with OA using natural marine diatom com-
munities (Hare et al. 2007, Feng et al. 2009, Tatters et
al. 2013).

Other than these studies, relatively little has been
documented on the cumulative effects of multiple cli-
mate change factors on diatoms, despite their rele-
vance to global nutrient and carbon cycles. Here, we
examined the physiological and biochemical re-

sponses of 2 cosmopolitan diatoms, T. pseudonana
and Skeletonema costatum, under 3 progressive
clustered environmental scenarios of CO,, light and
nutrients that reflect projected surface ocean
changes up to the end of this century.

MATERIALS AND METHODS
Materials

Experiments used the diatoms Thalassiosira pseu-
donana (CCMP 1335, originally isolated from Mo-
riches Bay, Forge River, Long Island, NY, USA) and
Skeletonema costatum (CCMA110, isolated from the
South China Sea in 2004, from the Center for Collec-
tions of Marine Bacteria and Phytoplankton of the
State Key Laboratory of Marine Environmental Sci-
ence). Medium was prepared using natural offshore
seawater from the South China Sea (18°N, 111°E),
sterilized and enriched with Aquil trace metals and
vitamins (Sunda et al. 2005). The nutrient levels were
designed to mimic future sequentially reduced sup-
plies of nutrients due to enhanced stratification, as
described below (see next subsection). Prior to being
placed in the cluster treatments, the cells were grown
exponentially in the media with the designated lev-
els of nutrients and CO, levels for at least 20 genera-
tions under indoor controlled conditions (photon flux
density: 70 pmol m™2 s7!; temperature: 20°C; 14 h
light:10 h dark cycle).

Experimental setup

The cluster experiments were designed to mimic
progressive OA and shoaling of the upper mixed
layer (UML) caused by ocean warming and were car-
ried out from July 26 to August 10, 2011. Three clus-
ters were set up as follows: (1) a 2011 scenario (pre-
sent day): ambient CO, level (390 patm), 10 % of the
incident surface light, and nutrient concentrations of
20 uM NO;~, 2 ptM PO, and 20 pM silicate; (2) a
2050 scenario (mid-century): 700 patm CO,, 18 % of
surface light, and 10 pM NO;~, 1 pM PO,* and
10 pnM silicate; and (3) a 2100 scenario (end-century);
1000 patm CO,, 30% of incident light, with 5 ptM
NO;~, 0.5 pM PO,*" and 5 uM silicate (Table 1).

For the cluster treatments, the CO, levels were
based on the Intergovernmental Panel on Climate
Change (IPCC) A1Fl scenario (CO, emission with
‘business as usual' scenario). Present-day light levels
were based on the median level of light and light
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Table 1. Light, CO,, pH and nutrient combinations used in
the cluster experiment design

Sce- Light (% of CO, pH NOs;~ PO, Silicate
nario  surface) (patm) M) M) (M)
2011 10 390 8.18 20 2 20
2050 18 700 7.96 10 1 10
2100 30 1000 7.82 5 0.5 5

attenuation coefficient within the UML of the South
China Sea obtained during research cruises (Tseng
et al. 2005). The levels of nutrients were set up
according to the present-day levels of nutrients in the
UML in the oligotrophic South China Sea (unpubl.
data of '973" project No. 2009CB421207). Future
changes are necessarily more speculative, as there
are no models stating precisely what expected levels
of light and nutrients will be in 2050 or 2100. How-
ever, we assumed that year 2100 mean values for
these 2 variables will resemble minimum (nutrients)
or maximum (light) levels observed in the present-
day South China Sea, according to the sources given
above, and that year 2050 mean values will lie mid-
way between present-day and year 2100 values.
Polycarbonate bottles (500 ml) were used in the
experiment, and all the materials in contact with the
cultures were glass-free to avoid Si contamination.
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Each cluster treatment had 3 biological replicates; for
some analyses, measurements for each of these trip-
licates were made and averaged on the last 3 d of the
incubations (n = 9).

Different levels of solar photosynthetically active
radiation (PAR) were achieved with neutral density
screens (4 layers for Cluster 1; 3 layers for Cluster 2;
and 2 layers for Cluster 3), so that the cells received
10, 18 and 30% of incident light in the respective
cluster treatments. Solar PAR was measured with a
broadband solar radiometer (ELDONET, Real Time
Computer), which records the means over 1 min in-
tervals. Irradiance levels were measured daily during
the growth period, and values given represent the av-
erage of all days. The temperature was controlled at
21 = 1°C in all treatments using a cooling unit (CAP-
3000, Rikakikai). Due to logistical limitations, future
temperature changes were not considered.

Average solar PAR doses during the growth exper-
iment and levels of nutrients and pH are shown in
Fig. 1. Average daytime solar PAR doses during the
growth experiment were 0.99, 1.79 and 2.98 MJ m2
for the 2011, 2050 and 2100 scenarios, respectively
(Fig. 1A). Nutrient and pH levels were significantly
different between the clusters (Fig. 1B-D) due to
the semi-continuous dilutions that maintained cell
concentrations within defined ranges (see next
subsection).
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Fig. 1. (A) Daily solar photosynthetically active radiation (PAR), (B) Si consumption rate, (C) N consumption rate, and (D) pH, in

cultures of Thalassiosira pseudonana and Skeletonema costatum under 3 cluster scenarios. Si and N consumption rates were esti-

mated with the increase in cell concentration every 24 h and the elemental contents per cell. Horizontal lines in (B,C) represent
the initial nutrient supply levels for every cluster. Error bars represent SD (n = 9)
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Target pH (pCO,) values in the cluster experiments
were attained by bubbling (300 ml min~!) with ambi-
ent air, or using air with elevated CO, concentrations
(see Table 1) supplied from a portable CO, enriching
device (CO, enrichlor CE-100, Ruihua) that automat-
ically controls the CO, concentration with a variation
of less than 5%. The initial cell densities in the semi-
continuous cultures were 1 x 10° ml™', and cultures
were diluted back to this same cell concentration
after each 24 h of growth, so dilution levels were
adjusted to the growth rate of each replicate bottle.
Nutrient levels were also replenished at the same
time by adding concentrated nutrient stocks (Fu et al.
2007, 2014, Sun et al. 2011). Because cell densities
were maintained at low levels (always <3 x 10° ml™
before diluting back to 1 x 10° ml™!), the pH of the
culture medium varied less than 0.05 units for all of
the treatments in both diatom species (Fig. 1D).

Cell counting was carried out every 24 h for the last
3 d with a particle counter and size analyzer (Z2
Coulter, Beckman) for T. pseudonana and with a
hemocytometer for S. costatum before and after the
medium dilutions. The specific growth rate (1, d1)
was calculated as: = (In C; — In Cy)/(t; — t;), where
Cy and C; represent the cell concentrations at #, (ini-
tial or just after the dilution) and ¢; (just before the
dilution), respectively.

After the cells were grown for 14 d, the maximum
efficiency of photosystem II, F,/F, = (Fn, — Fo)/Fn
(where F, is variable fluorescence, F, is maximum
fluorescence and F, is minimum fluorescence), was
measured at noontime after 10 min dark adaption
with a xenon-pulse amplitude modulated fluorome-
ter (XE-PAM, Walz). Measurements of cellular par-
ticulate organic carbon (POC) and nitrogen (PON)
were carried out by collecting the cells at the end of
the growth experiment onto pre-combusted (450°C,
6 h) GF/F filters (Whatman), acidifying the filters
with fumes of 0.1 N HCI for 12 h and drying in an
oven at 60°C overnight, and then finally analyzing C
and N contents with a CHNS/O analyzer (2400 Series
II, PerkinElmer).

Chl a content and cellular biogenic silica (BSi) were
measured at the end of the growth experiment. Chl a
content was determined with a fluorometer (Trilogy,
Turner Designs) following Welschmeyer (1994), and
BSi was determined by collecting the cells on poly-
carbonate filters, followed by drying and analysis
according to the spectrophotometric method of
Brzezinski & Nelson (1995).

Statistical analysis was performed with 1-way
ANOVA (Tukey), and the significance level was set
as p <0.05.
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Fig. 2. (A) Growth rate y, (B) chl a content, and (C) quantum

yield F,/F,, of Thalassiosira pseudonana and Skeletonema

costatum under 3 cluster scenarios. Error bars represent SD

(A:n =9, and B,C: n = 3). Different letters indicate signifi-

cant differences (p < 0.05) among the different cluster condi-

tions in T. pseudonana (lowercase letters) or S. costatum
(uppercase letters), respectively

RESULTS

The specific growth rates of Thalassiosira pseudo-
nana and Skeletonema costatum were significantly
(p = 0.001) different among the 3 scenarios, with suc-
cessive decreases from the 2011 scenario to the 2100
scenario (Fig. 2A). Compared to the 2011 scenario,
the specific growth rates of T. pseudonana decreased
by about 18 and 79%, and those of S. costatum
decreased by about 14 and 83 %, in the 2050 and
2100 scenarios, respectively (Fig. 2A). Compared to
the 2011 scenario, chl a content decreased by about
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44 % under 2050 conditions, by 83 % under the 2100
scenario in T. pseudonana, and by 58 and 73 % in S.
costatum correspondingly (Fig. 2B). Likewise, the
F,/F,, values of both species decreased significantly
in a stepwise manner from the 2011 scenario to the
2100 scenario (p = 0.001; Fig. 2C), being reduced by
28 % in the 2050 treatment and by 60 % in the 2100
scenario for T. pseudonana and by 9 and 29% in
S. costatum, respectively.

Cellular POC contents were higher in the 2050 and
2100 scenarios than in cells grown under the 2011
scenario conditions. On average, the cells of T. pseu-
donana contained 1.3 and 1.4 times more POC under
the 2050 and 2100 scenarios, respectively, than the
cells grown under the 2011 scenario. For S. costatum,
POC cell quotas were 1.4 and 2.1 times higher under
the 2050 and 2100 scenarios, respectively (Fig. 3A).
However, there were no significant differences in T.
pseudonana for the cellular PON content among the
3 different scenarios (p = 0.33). The only difference
observed was for S. costatum, in which PON content
was increased by 47 % in the 2100 scenario (p =
0.012; Fig. 3B). The ratio of POC:PON significantly
increased in T. pseudonana from the 2011 scenario to
the 2100 scenario (p = 0.001), being 29 and 47 %
higher under the 2050 and 2100 scenarios, respec-
tively (Fig. 3C). For S. costatum, the POC:PON ratio
was 40 and 43 % higher under the 2050 and 2100 sce-
narios, respectively (p = 0.002).

There were only marginal differences in cellular
BSi content for T. pseudonana among the scenarios
(p = 0.063), with values of about 0.05 pmol cell"!. In
contrast, cellular BSi of S. costatum increased signifi-
cantly (p = 0.001), by 40 and 100 % in the 2050 and
2100 scenarios, respectively (Fig. 4A). The highest
cellular BSi content was found in the 2100 scenario,
with a value of 0.21 + 0.02 pmol cell™. In T. pseudo-
nana, due to invariant BSi content combined with
increased POC content, the cellular ratio of BSi to
POC (BSi:C) significantly decreased from the 2011
scenario to the 2100 scenario (p = 0.001). In contrast,
for S. costatum, because both BSi and POC increased
across the 3 scenarios, there was no significant differ-
ence in BSi:C ratios among the different scenarios
(p = 0.11; Fig. 4B).

DISCUSSION

The growth rates of both diatom species decreased
in the experimental setup that mimicked combined
future higher CO,, increased light exposures and
decreased nutrient availability. As more and more
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Fig. 3. Changes in cellular contents of (A) particulate organic
carbon (POC) and (B) particulate organic nitrogen (PON), and
(C) the ratio of POC to PON (C:N) of Thalassiosira pseudo-
nana and Skeletonema costatum acclimated for 2 wk under 3
cluster scenarios. Error bars represent SD (n = 3). Different
letters indicate significant differences (p < 0.05) among the
different cluster conditions in T. pseudonana (lowercase
letters) or S. costatum (uppercase letters), respectively

CO, dissolves into the oceans, non-reversible OA
and associated carbonate chemistry changes will
definitely affect diatom physiology (reviewed in Gao
& Campbell 2014). These effects have the potential to
interact additively or synergistically with concurrent
changes in nutrients, light and/or UV exposures (Gao
et al. 2012a,b, Y. Li et al. 2012).

The same 2 Thalassiosira pseudonana and Skele-
tonema costatum isolates investigated in the present
study showed enhanced growth rates under reduced
levels (<18 %) of sunlight, but their growth rates were
not affected at 30 % incident solar PAR during nutri-



Author copy

78 Mar Ecol Prog Ser 515: 73-81, 2014

o
N
o

A Il 7. pseudonana C
0.20 A [1S. costatum I

B
0.15 A

0.10
a

0.05

0.00 - -

0.12 A

BSi contents (pmol cell™

0.09 -

0.06 1 ¢

BSi:C

0.03

0.00 -

2011 2050 2100
Cluster treatments

Fig. 4. (A) Biogenic silica (BSi) cellular contents, and (B) BSi to
particulate organic carbon ratios (BSi:C) of Thalassiosira
pseudonana and Skeletonema costatum acclimated for 2 wk
under 3 cluster scenarios. Error bars represent SD (n = 3). Dif-
ferent letters indicate significant differences (p < 0.05) among
the different cluster conditions in T. pseudonana (lowercase
letters) or S. costatum (uppercase letters), respectively

ent-repleted growth (Gao et al. 2012b). However,
their growth rates did not change with the combina-
tion of increased levels of CO, and light (Gao et al.
2012b, their Fig. 2) as applied to the clusters in the
present study. In contrast, with reduced availability
of nutrients in the present work, increased light ex-
posure to about 30% of incident sunlight signifi-
cantly decreased their growth and photosynthetic
performance (Fig. 2). While it is well known that lim-
itation of light and nutrients can result in less growth
(Saito et al. 2008), our data along with previous work
(Gao et al. 2012b) clearly showed 30 % incident sun-
light only inhibited growth under nutrient-limited
conditions.

The cluster approach (Boyd et al. 2010, Xu et al. in
press) reflects an empirical picture of future general
changes that will happen in progressively stratified
pelagic waters and is not intended to be taken as an
exact model of any specific time or place. Since
changes in seawater pCO, and pH and stratification-
related processes such as light exposure and nutrient
supply will differ in different regimes and latitudes,
effects of multiple ocean change factors examined in

one area may not be applicable for other regions. Of
course, this is true of the current ocean, as well as the
future ocean, i.e. no experimental scenario can be
considered to be universally applicable. Whatever
conditions are chosen for any experiment, whether it
is a single- or multiple-variable study must be con-
sidered as a model perturbation to ascertain the gen-
eral trends resulting from changing environmental
factor(s), and not as a precise prediction of exact lev-
els of each factor.

Experimental protocols can often affect the out-
comes of incubation studies. For instance, the same
diatom species can exhibit different growth re-
sponses to OA between lab and mesocosm experi-
ments (reviewed in Gao & Campbell 2014). Conse-
quently, the data obtained in the present study
should be interpreted carefully to reflect the general
responses of these 2 diatoms grown under the exper-
imental conditions chosen. Obviously, future experi-
ments may be needed that incorporate additional
variables, particularly warming, to arrive at a more
complete picture of likely future trends. For instance,
Xu et al. (2014) take a cluster experimental approach
to understanding how warming, acidification, irradi-
ance changes and iron availability affect the growth
of 2 Antarctic phytoplankton species.

With enhanced stratification expected with global
warming, decreased availability of nutrients due to
reduced upward transport will coincide with in-
creased exposures of phytoplankton cells in the UML
to solar radiation. Such ocean changes have been
suggested to be leading to current decreases in mar-
ine primary productivity (Behrenfeld et al. 2006,
Boyce et al. 2010, Steinacher et al. 2010). With replete
nutrients, increased pCO, availability and changed
carbonate chemistry have been shown either to not
affect the growth of diatoms (Riebesell et al. 1993,
Chen & Gao 2003, Yang & Gao 2012) or to stimulate it
(Schippers et al. 2004, Kim et al. 2006, Wu et al. 2010,
Gao et al. 2012b). However, diatom responses could
be opposite to these under conditions of light-stress
(Gao et al. 2012b, Li & Campbell 2013). In the diatom
Phaeodactylum tricornutum, nitrogen limitation in
combination with OA resulted in more pronounced
effects on its growth compared with an OA treatment
alone, and led to an increased ratio of POC:PON (W.
Lietal. 2012).

The C:N ratio, an important indicator of potential
N-limitation of phytoplankton growth (Donaghay et
al. 1978), increased with the simulated future climate
changes (Fig. 3). Limited supplies of phosphorus or
nitrate are known to increase the ratio of POC to PON
in S. costatum (Gervais & Riebesell 2001) and P. tri-
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cornutum (W. Li et al. 2012). Increasing C:N ratios im-
ply more carbon may be removed to the deep sea by
the ‘biological pump' relative to the amount of nitro-
gen consumed by phytoplankton, which has potential
implications for the global carbon cycle as well as for
increases in deep water hypoxia (Riebesell et al.
2007). Higher C:N ratios also reflect lower nutritional
value of phytoplankton-produced organic matter
(Ziska & Bunce 2006), which may affect the efficiency
of bacterial degradation and zooplankton reproduc-
tion, thus having further implications for marine bio-
geochemical processes (Riebesell et al. 2007).

Si availability is a key factor in regulation of diatom
growth in open oceans, and this group dominates the
biogeochemical cycling of Si. Diatom mineralization
is sensitive to numerous factors, such as temperature,
light, and nutrient and trace metal availability (Hut-
chins & Bruland 1998, De La Rocha et al. 2000, Sar-
thou et al. 2005). Our results showed that the BSi con-
tent of S. costatum increased in the future scenarios,
but BSi per cell did not change significantly in T.
pseudonana. It is notable that these increasing or in-
variant cellular BSi quotas occurred despite sequen-
tially decreasing concentrations of silicate in the
medium (Fig. 1B); lower dissolved silicate (DSi) con-
centrations are usually thought to result in reduced
levels of silicification (Paasche 1975, Brzezinski et al.
1990).

The differential responses in cellular BSi of the 2
diatoms to future ocean changes could be attributed
to species-specific physiology. S. costatum is known
to possess a periplasmic carbonic anhydrase (Nimer
et al. 1998), which may favor silicification while cat-
alyzing interconversion of HCO3;™ and CO, at the
cell's surface. For S. costatum, increased cellular BSi
content with the simulated future ocean changes
might have led to less photoinhibition, as reflected in
the much smaller reduction of the maximal quantum
vield compared with T. pseudonana. Higher BSi con-
tents are consistent with a thicker siliceous frustule,
which has been suggested to play a role in photopro-
tection (reviewed in Raven & Waite 2004).

In the present study, the BSi to POC production
ratio decreased in T. pseudonana in the future sce-
narios, due largely to increasing POC cell™! (Fig. 3A)
combined with relatively invariant BSi cell™ (Fig. 4A).
In contrast, the BSi:POC ratio was unchanged in S.
costatum under the future scenarios, as both in-
creased simultaneously. Previous work has suggested
that BSi:POC ratios of other diatoms often decline
with increasing pCO,, including the centric diatom
T. weissflogii (Milligan et al. 2004), which is closely
related to the T. pseudonana used in the present

study and in 2 species of the pennate diatom Pseudo-
nitzschia (Sun et al. 2011, Tatters et al. 2012). In our
experiments, BSi:POC ratios also either decreased or
stayed the same at higher pCO,. Other combinations
of potential environmental change factors may yield
different outcomes; for instance, an interactive effect
of high light and iron reduced BSi:POC ratios in an
incubated Ross Sea phytoplankton assemblage, but
pCO, had no effect (Feng et al. 2010). The results we
obtained in the future scenarios imply that Si cell
quotas and BSi:POC ratios may also respond in spe-
cies-specific ways to future combinations of climate
change factors.

Changing elemental stoichiometry is one of the few
mechanisms by which biology can alter ocean carbon
storage, and increased C:N ratios with progressive
ocean changes might increase the efficiency of the
marine biological carbon pump. However, decreased
primary productivity will certainly reduce the overall
downward transport of carbon. In the present study,
growth rates decreased while C:N ratios increased
under the projected future conditions. These antago-
nistic effects on the efficiency of organic carbon
removal to the deep sea raise further uncertainties
regarding our understanding of the potential ecolog-
ical and biogeochemical impacts of future ocean
changes.
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