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ABSTRACT: Ocean acidification (OA) due to increased anthropogenic CO2 emissions is affecting
marine ecosystems at an unprecedented rate, altering biogeochemical cycles. Direct empirical
studies on natural communities are required to analyse the interactive effects of multiple stressors
while spanning multiple trophic levels. We investigated the interactive effects of changes in CO2

and iron availability on functional plankton groups. We used mesocosms manipulating the carbon-
ate system from the start to achieve present (low concentration, LC) and predicted future pCO2 lev-
els (high concentration, HC). To manipulate dissolved iron (dFe), half of the mesocosms were
amended with 70 nM (final concentration) of the siderophore desferoxamine B (DFB) on Day 7
(+DFB and −DFB treatments). Manipulation of both CO2 and DFB increased dFe compared to the
control. During the 22 experimental days, the plankton community structure showed 2 distinct
phases. In phase 1 (Days 1−10), only bacterioplankton abundances increased at elevated pCO2. In
contrast, a strong community response was evident in phase 2 (Days 11−22) due to DFB addition.
Biomass of the coccolithophore Emiliania huxleyi increased massively at LC+DFB. HC negatively
affected E. huxleyi and Synechococcus sp., and high dFe (+DFB) had a positive effect on both. The
rest of the plankton community was unaffected by the treatments. Increased dFe partially miti-
gated the negative effect of HC imposed on the coccolithophores, indicating that E. huxleyi was
able to acclimate better to OA. This physiological iron-mediated acclimation can diminish the dele-
terious effects of OA on carbon export and the rain ratio, thus affecting food web dynamics and
future ecosystem functioning.
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INTRODUCTION

In the geological past, planet Earth has experienced
significant changes in natural climate-driven factors.
At present, the main drivers such as carbon dioxide
(CO2) concentration, eutrophication and ultra violet
radiation are increasing at an unprecedented rate
(Hoegh-Guldberg & Bruno 2010). The level of CO2 in
the atmosphere is projected to reach a partial
pressure of 900 µatm (or a concentration of 900 ppmv)
by the end of this century (Stocker et al. 2013). This
will alter seawater chemistry by lowering its pH
(ocean acidification, OA) and the saturation state of
calcium carbonate (Doney et al. 2009). Within plank-
ton, phytoplankton play key roles in biogeochemical
cycles, in marine food web dynamics and productivity,
as well as in the consumption and production of
greenhouse gases. Changes in climate are likely to af-
fect phytoplankton productivity and species composi-
tion (Riebesell & Tortell 2011). Increased CO2 levels
within future scenarios may benefit some phytoplank-
ton species while being detrimental to others (Riebe-
sell & Tortell 2011). Haptophytes (e.g. coccolitho-
phores) are of global importance in the carbon cycle,
but this phytoplankton phylum is most af fected by el-
evated CO2 concentration (Meyer & Riebesell 2015
and references therein). Additionally, carbonate che -
mistry may undergo greater changes in colder waters
due to the higher solubility of CO2 at lower tempera-
tures (Riebesell et al. 2013). While coccolithophore
abundance strongly declines south of the Polar Fron -
tal Zone and blooms are not formed in the Southern
Ocean (Malinverno et al. 2015), coccolithophores do
typically bloom in high-latitude areas such as the Arc-
tic (Dylmer et al. 2015). Experimental work on the ef-
fects of high pCO2 on coccolithophores has revealed
contradictory results depending on the species and
strain used, the physico-chemical conditions, and
whether the studies were carried out in natural com-
munities or with laboratory cultures (Langer et al.
2006, Hutchins 2011, Riebesell & Tortell 2011, Mackey
et al. 2015). Furthermore, the impact of elevated
pCO2 on organisms in other trophic levels is not well
understood. Studies focusing on micro- and meso-
zoo  plankton, bacterioplankton or viruses have yielded
results that are often contradictory and/or inconclusive
(Larsen et al. 2008, Caron & Hutchins 2013, Niehoff et
al. 2013, Calbet et al. 2014, Endres et al. 2014).

OA affects marine nutrient biogeochemistry and, in
particular, has a profound impact on trace metal solu-
bility and speciation (Millero et al. 2009). Among met-
als, Fe is the most essential micronutrient controlling
phytoplankton growth mainly, but not exclusively,

through nitrate assimilation and photosynthesis
(Behren feld & Milligan 2013). Fe bioavailability, i.e.
iron available for uptake, and therefore growth, is
controlled by many factors including (1) dissolved Fe
concentrations; (2) the concentration and strength of
iron-binding organic ligands (OLs) which modulate
Fe speciation; (3) irradiance, which affects iron redox
chemistry and ligand binding strength; and (4) pH,
which greatly influences the chemistry of metals in
seawater (Sunda & Huntsman 1995, Maldonado &
Price 2001, Barbeau et al. 2003, Shi et al. 2010). Low
pH increases Fe solubility and thus enhances dis-
solved iron (dFe) concentrations (Millero et al. 2009).
Similarly, elevated CO2 enhanced dFe levels during a
mesocosm experiment in a Norwegian fjord (Breit-
barth et al. 2010b) and in subarctic waters (Yoshi mura
et al. 2013). However, the effects of OA on organically
bound iron are more complex and af fect Fe bioavail-
ability. Organic ligands solubilise particulate iron and
increase the residence time of dFe in the ocean. De-
pending on the Fe ligand type (carbo xylates, hydroxy -
mates or cathecholates) the bioavailability of Fe can
either decrease or remain unaffected under OA (Shi
et al. 2010). Thus, the net effect of OA on phytoplank-
ton iron nutrition depends on the balance between in-
crease in iron solubility and changes in iron bioavail-
ability mediated by organic ligand complexation.

In a rapidly changing environment, it is critical to
gain adequate understanding of the vulnerability of
ecosystems to globally driven perturbations. However,
predictions for whole ecosystems are challenging be-
cause of synergistic and antagonistic effects of multi-
ple stressors (Crain et al. 2008). Perturbation studies
in natural communities using in situ mesocosms are
necessary to address such challenges, because of
their high degree of realism compared to microcosms,
and the impracticability of performing large-scale OA
experiments in the open ocean (in which mechanistic
relationships are not always identified) (Stewart et al.
2013). Specifically, mesocosm experiments allow di-
rect analysis of the interactive effects of multiple
stressors across multiple trophic levels (Riebesell et al.
2010, Stewart et al. 2013, Riebesell & Gattuso 2015).

Here we present the main results from a mesocosm
experiment that aimed to investigate the effects of
future changes in pCO2 and Fe availability during a
bloom of the coccolithophore Emiliania huxleyi
within a natural plankton community. E. huxleyi is a
major primary producer in the world’s oceans and is
sensitive to elevated pCO2. This phytoplankton spe-
cies is of paramount significance in the global carbon
cycle. E. huxleyi is responsible for a large fraction of
the ocean calcium carbonate production and export
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to the deep ocean and contributes to the regulation of
the exchange of CO2 across the ocean−atmosphere
inter face through the rain ratio (Rost & Riebesell
2004). To our knowledge, this mesocosm experiment
is the first to manipulate pCO2 and iron concentra-
tions simultaneously, and examine their single and
combined effects on the plankton food web and the
interactions of planktonic organisms within multiple
trophic levels.

We investigated (1) the effects of elevated pCO2

levels on dissolved Fe; (2) the extent to which changes
in Fe availability affect the growth of E. huxleyi and
other autotrophs; and (3) whether different pCO2 and
Fe levels, and their interaction, lead to cascading
 effects on other members of the plankton community.

MATERIALS AND METHODS

Experimental design

A mesocosm experiment was carried out in the
Raunefjord (60.39° N, 5.32° E) off Bergen, Norway,
from 5 to 27 June 2012. Twelve mesocosms (11 m3

each) were set up in a full factorial design with all
combinations of ambient and high pCO2 and 2 treat-
ments of dFe in 3 independent replicate mesocosms
per treatment. High-density polyethylene (HDPE)
mesocosms were filled with fjord water pumped from
8 m depth. They were covered with low-density poly-
ethylene (LDPE) lids in order to avoid CO2 losses and
contamination. Mesocosms and their lids were trans-
parent to photosynthetically active radiation (PAR)
and ultraviolet radiation (UVR). After the first sam-
pling day (Day 0), the seawater of half of the meso-
cosms was enriched with CO2 (Schulz et al. 2009) to
achieve pCO2 concentrations corresponding to levels
predicted for the year 2100 (900 µatm, high concen-
tration: HC) (Stocker et al. 2013) while the other half
was not manipulated (ca. 390 µatm, low concentration:
LC). All mesocosms were continuously and gently
mixed by using an airlift system (Egge & Heimdal
1994). For the CO2 enrichment, 150 l of fjord water
was aerated with pure CO2 at a flow rate of 1.5 l min−1

overnight and added to each of the high pCO2 (HC)
mesocosms. To maintain the pCO2 in the HC treat-
ments, ambient air was mixed with pure CO2 at a
flow rate of 200 ml min−1, and the enriched mixture
(900 µatm CO2) was pumped directly to the airlift sys-
tem. The LC treatment consisted of only ambient air
similarly connected. HEPA filters were placed be-
tween the air pumps and the airlift system to avoid
particulate contamination. Mesocosms were fertilised

after initial sampling (Day 0) by addition of 10 µM ni-
trate and 0.3 µM phosphate to induce a bloom of the
coccolithophore Emiliania huxleyi (Egge & Heimdal
1994). To induce changes in Fe availability, and ana-
lyse its effects on the plankton community, 70 nM (fi-
nal concentration) of the siderophore desferrioxamine
B (DFB) (+DFB and −DFB treatments) was added to
half of the mesocosms on Day 7, when the community
was already acclimated to high CO2. The initial dFe
concentration before DFB addition was about 4.5 nM.
Even though DFB is a strong Fe-binding organic lig-
and often used to induce iron limitation in phyto-
plankton (Wells 1999), DFB additions may also in-
crease the dissolved Fe pool in environments with
high concentrations of colloidal and/or particulate Fe,
such as fjords (Kuma et al. 1996, Öztürk et al. 2002).
The multifactorial treat ments were named LC−DFB
(control), LC+DFB, HC+ DFB and HC−DFB. Water
samples from each mesocosm were taken from 2 m
depth by gentle vacuum pumping of 25 l volume into
acid-washed carboys that were quickly transported to
the onshore laboratory. All variables were analysed
on a daily basis and/or every other day, except where
otherwise stated.

pCO2, DIC, Ωcalcite, pH, alkalinity and rain ratio

pCO2 inlet flow in each mesocosm was measured
by non-dispersive infrared analysis by using a CO2

gas analyser (LI-820, Li-COR). pCO2, dissolved inor-
ganic carbon (DIC) and the calcite saturation state
(Ωcalcite) were calculated from daily measurements of
pH, temperature, salinity and total alkalinity (TA)
using the CO2Calc software (Robbins et al. 2010). pH
was measured in all mesocosms using a pH meter
(CRISON Basic 20+) calibrated daily using the
National Bureau of Standards scale. Salinity was
measured with a conductivity meter (CRISON 524).
The accuracy of the pH meter and conductivity meter
was ±0.01 pH units and ±1.5%, respectively. TA was
measured using the classical Gran’s potentiometric
method (Gran 1952). The rain ratio (RR, the ratio of
particulate inorganic to organic carbon in ex ported
biogenic matter), was calculated applying the models
of Ridgwell et al. (2007) and Hofmann & Schelln -
huber (2009).

Dissolved iron (dFe)

Water samples to measure dFe were obtained from
each mesocosm every fourth day starting on Day 6 of
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the experiment. Samples were filtered through
0.2 µM AcroPak supor membrane capsule filters (Pall)
into LDPE bottles, and immediately acidified with
ultra-clean HCl (Seastar) in a Class 100 laminar flow
hood. Total dFe measurements were conducted by
chemiluminescence flow injection analysis (CL-FIA,
Waterville Analytical) as described by de Baar et al.
(2008) and de Jong et al. (1998). All filters, sampling
and filtration equipment were trace metal cleaned
using HCl and subsequent high purity water (MilliQ)
rinses and protected with double bags for storage
and transport. Total iron concentration (see Fig. S2 in
the Supplement at www. int-res. com/ articles/ suppl/
m565 p017_ supp. pdf) consists of both dissolved and
particulate iron pools (dFe and PFe). Particulate iron
analyses are described in Methods S1 in the Supple-
ment. Trace metal clean techniques were used
throughout all processes, when cleaning all material
used before sampling, and when collecting and
manipulating samples for both dissolved and particu-
late metals analyses.

Inorganic and organic nutrients

Inorganic nutrient concentrations were analysed in
a QuAAtro AQ2 AACE autoanalyser (Seal Analyti-
cal) following the methods described by Grashoff et
al. (1983). Water samples (50 ml) from each meso-
cosm were collected every other day, filtered through
0.7 µm GF filters (Millipore) and immediately frozen
at −20°C until analysis. The detection limits of the in -
organic nutrients were 0.03 µM for nitrate, 0.01 µM
for nitrite, 0.02 µM for phosphate, 0.05 µM for silicic
acid and 0.06 µM for ammonia. Dissolved organic
carbon (DOC) and nitrogen (DON) were analysed
from 50 ml water samples, collected every other day,
filtered through 0.2 µm cellulose acetate filters
(What man) and stored in acid-washed and precom-
busted glass bottles at 4°C in darkness until analysis.
DOC and total dissolved nitrogen (TDN) were meas-
ured in a Shimadzu TOC-L analyser equipped with a
total nitrogen module (TNM-1). DON was calculated
by subtracting the total inorganic nitrogen fraction
from TDN.

Chlorophyll a (chl a) concentration and in vivo
chl a fluorescence

Water samples (750 ml) were collected every
other day from each mesocosm to determine total
chl a concentration. Samples were filtered onto

0.7 µm GF filters (Millipore) and kept at −80°C until
analyses. Chl a was extracted in N,N-dimethyl -
formamide over night at 4°C in the dark. Chl a con-
tent was determined spectrophotometrically, and
the concentrations were calculated by using equa-
tions from Wellburn (1994). Optimal quantum yield
(Fv/Fm) of Photosystem II (PSII) charge separation
was measured in 10 min dark-adapted samples by
pulse amplitude modulated fluorometry (Water-
PAM, Waltz) as described by Schreiber et al. (1986).
After initial dark measurement and a saturation
pulse to determine minimum fluorescence (F0) and
maximum fluorescence (Fm), respectively, Fv/Fm was
obtained as (Fm − F0)/Fm. Thus, Fv is the maximal
variable fluorescence of a dark-adapted sample, Fm

is the maximal fluorescence intensity with all PSII
reaction centres closed, and F0 is the basal fluores-
cence. High Fv/Fm values indicate that cells are in
healthy physiological condition, whereas a decrease
in Fv/Fm indicates cell stress (Foyer et al. 1994,
Behrenfeld & Milligan 2013).

Plankton analyses

Phytoplankton <20 µm and bacterioplankton

Phytoplankton cells smaller than 20 µm from each
mesocosm were analysed using a FACSCalibur flow
cytometer (Becton Dickinson) equipped with an air-
cooled laser providing 15 mW at 488 nm and with a
standard filter set-up. The trigger was set on red
fluorescence and samples were analysed for 300 s at
an average flow rate of 56 µl min−1. Autotrophic
groups were discriminated on the basis of the side-
scatter signal (SSC) versus pigment autofluorescence
(chloro phyll and phycoerythrin) according to Marie
et al. (1999) and Larsen et al. (2001). Abundances
were converted into carbon biomass according to
Kana & Glibert (1987), Menden-Deuer & Lessard
(2000) and Olenina et al. (2006).

Enumeration of bacterioplankton was performed
according to Marie et al. (1999). The samples were
fixed with glutaraldehyde (0.5% final concentration)
for 30 min at 4°C, snap frozen in liquid nitrogen,
and stored at −80°C. Samples were stained with
SYBR Gold Nucleic Acid Stain (Invitrogen) and
counted by using a Cytomics FC 500 flow cytometer
(Beckman Coulter) equipped with a 20 mW 488 nm
air-cooled argon-ion laser and standard filters. The
discriminator was set to green fluorescence and the
samples were analysed for 60 s at a flow rate of
30 µl min−1. Data were calibrated by measuring
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latex fluoro spheres (1.0 µm in diameter; Poly-
sciences) at 525 nm using CXP analysis software.
Bacterial abundances were transformed into carbon
biomass according to Lee & Fuhrman (1987) and
Vrede et al. (2002).

Phytoplankton >20 µm and microzooplankton

Live samples were immediately analysed with a
FlowCAM (Fluid Imaging Technologies) using a 4×
objective and a 300 µm flowcell to analyse particles
ranging from 18 to 1000 µm equivalent spherical
diameter (ESD) and run in automatic imaging mode
(Jakobsen & Carstensen 2011). Aliquots (6.3 ml) of
each sample were analysed at flow rates adjusted to
guarantee that no more than 1 particle appeared in
each frame. All image collages were post analysed to
separate the main taxonomic groups (diatoms, dino-
flagellates and ciliates). Abundances and particle
sizes of these groups (Jakobsen & Carstensen 2011)
were then converted into carbon biomass using the
equations provided by Menden-Deuer & Lessard
(2000).

Mesozooplankton

Mesozooplankton was sampled at the beginning
and at the end of the experiment. At the beginning,
samples were collected by filtering 2.2 m3 water
pumped through a 90 µm Apstein plankton net
(Hydrobios) as described by Nejstgaard et al. (2006).
At the end of the experiment, the whole water col-
umn of the mesocosms was mixed with a 45 cm disc
(Striebel et al. 2013), immediately sampled by 2 ver-
tical 90 µm net tows (3.85–0 m) and preserved in 4%
borax-buffered formaldehyde solution. Species com-
position and abundance of each replicate within each
treatment was determined using a dissecting micro-
scope, and the total mesozooplankton biomass was
calculated according to Nejstgaard et al. (2006).

Net growth rates

Apparent net growth rates for phytoplankton and
bacterioplankton were calculated according to the
logistic model:

ln((K − N)/N) (1)

where K refers to the loading capacity of the meso-
cosms, and N is the cell density at any given time.

Iron requirements

Fe demand (mol Fe l−1 of seawater) for each phyto-
plankton group was calculated using published Fe:C
ratios (µmol Fe mol−1 C) and the maximum C biomass
achieved by each phytoplankton group during the
ex periment. C biomasses were calculated as de -
scribed above. We used published Fe:C ratios (µmol:
mol) for E. huxleyi (Muggli & Harrison 1996), diatoms
(Sarthou et al. 2005), Synechococcus and prasino-
phytes (Quigg et al. 2011), picoeukaryotes (Timmer-
mans et al. 2005) and dinoflagellates (Marchetti &
Maldonado 2016).

Irradiance and temperature

Solar spectral irradiance comprising PAR wave-
lengths (400−700 nm) ultraviolet A (UVA, 320−
400 nm) and ultraviolet B (UVB, 280−320 nm) was
 re corded at 2 m depth in one mesocosm (5 min inter-
vals) using a Ramses spectroradiometer (TrioS). Al -
though the holding construction of the spectro  radio -
 meter was made of stainless steel, some screws
developed a crust of ferric material, which interfered
with all of the analyses. Thus, this mesocosm was
excluded as a replicate and was only used for irradi-
ance measurements. HOBO Pendant Temperature/
Light loggers (Onset Computer) were attached to the
airlift system in one replicate of each treatment at
depths of 0, 1, 2 and 3 m to ensure that mesocosms
received the same irradiance as well as to monitor
water temperature.

Statistical analyses

Statistical significance of treatment effects on
 variables measured was analysed by performing
split-plot ANOVAs (SPANOVAs, or mixed-model
ANOVAs) followed by post hoc Sidak or Tukey and
Bonferroni tests, respectively (considering p < 0.05
and/ or p < 0.01 as significant). When appropriate,
data were specifically tested for significant differ-
ences (p < 0.05) induced by the treatments by using
1- or 2-way ANOVAs and/or Student’s t-tests, as well
as Pearson’s product-moment correlations. All analy-
ses were performed using the general linear model
(GLM) procedure with main effects (CO2, dFe), time
(repeated measure) and all interactions. Data were
previously checked for normality (by Shapiro-Wilks’
test), homoscedasticity (by Cochran’s and Levene’s
tests) and sphericity (by Mauchly’s and/or Bartlett’s
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tests). Variables met all criteria mentioned above.
Statistical analyses were performed using the soft-
ware Statistica v12 (Statsoft) and SPSS v22 (IBM sta-
tistics).

RESULTS

Experimentally induced stressors (carbonate
system and dissolved iron)

The experimental set-up was partially successful
in that pCO2 reflected the level of 900 µatm in the
high CO2 treatment (HC) versus 390 µatm at initial
times in the ambient CO2 treatment (LC) (Fig. 1a).
pCO2 dropped significantly about 2-fold between
Days 3 and 10 (Bonferroni, p < 0.001) as a conse-
quence of biological activity in both HC and LC
treatments, causing changes in pH. Re-addition of
CO2-enriched fjord water on Days 3, 7 and 10 (in
HC) re-established pCO2 to 1100 µatm and sta-
bilised pH at around 7.8 in HC. However, in the LC
treatments, pCO2 was around 300 µatm during the
experiment (except for Days 0 to 3), which was
lower than our aimed ambient CO2 level. This pro-
moted oscillations in pH between 8.1 and 8.3 in LC
treatments (Table 1). Average alkalinity was 2029
(±60 SD) µmol l−1 for all mesocosms, and DIC re -
mained stable after Day 5 at 1953 (± 36) µmol l−1 in
HC and 1795 (± 61) µmol l−1 in LC (Table 1).  Ωcalcite

was significantly higher in LC than in HC treat-
ments (t-test p < 0.05; Table 1).

To induce changes in Fe availability, 70 nM of the
siderophore DFB was added to half of the meso-
cosms. Contrary to expectations, the DFB addition
in creased dFe instead of promoting Fe limitation in
this experiment. Before DFB was added on Day 7,
the initial dFe concentration was 4.5 nM (mean of
all mesocosms), without significant differences be -
tween LC and HC treatments (Fig. 1b, SPANOVA,
p = 0.069). Dissolved Fe concentrations in the con-
trol (LC− DFB) remained at this level throughout the
experiment (SPANOVA, p = 0.399, Bonferroni p <
0.001). The DFB amendment on Day 7 resulted in a
significant ca. 3-fold increase in dFe in both HC and
LC treatments by Day 17 (Sidak p = 0.003 and p =
0.0004, respectively) relative to the initial levels
(Bonferroni p = 0.002). On Day 17, the only treat-
ment significantly different from the rest in terms of
dFe was the control, showing the lowest dFe levels
(LC− DFB, Sidak p = 0.0004). At high pCO2 without
DFB addition (i.e. HC−DFB), dFe also increased
ca. 3-fold by Day 17, confirming an increase in iron
solubility due to lowering pH (Millero et al. 2009).
Surprisingly, dFe decreased sharply between Days
17 and 21 in the HC−DFB treatment. In contrast, the
+DFB treatments sustained high dFe throughout
Day 21, re gard less of the pCO2 level (Sidak p ≤ 
0.025). These results suggest that Fe solubility was
en hanced by either the addition of DFB and/or
CO2. Furthermore, significant effects of pCO2, DFB
and their interaction were observed in the avail-
ability of dFe during the experiment (all Sidak
p ≤ 0.05).
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Inorganic and organic nutrients

Nitrate decreased 15-fold from Days 1 to 7 below
the detection limits, and there were no differences
due the treatments (i.e. HC vs. LC) except for Day 1
when LC was higher than HC with 7.44 and 5.90 µM
nitrate, respectively (Fig. 2a, Sidak p = 0.032; Bonfer-
roni p < 0.001). Ammonium concentration increased
significantly between Days 5 and 15 (Fig. 2b, Bonfer-
roni p = 0.002) independent of treatments. Silicic acid
concentration was low from the beginning (average
0.6 µM; Fig. 2c) and showed no differences between
treatments (all SPANOVA, p > 0.05). Soluble reactive
phosphate was below the detection limit from the

 beginning of the experimental period
(Fig. 2d). DOC remained constant be -
tween 1.18 and 2 mg ml−1 (Fig. 2e)
without differences between treat-
ments. DON sharply increased about
3-fold on Day 5 in all mesocosms
(Fig. 2f, Bonferroni p = 0.006), de-
creased immediately after and then re-
mained stable at ca. 1 mg l−1.

Plankton community structure and
dynamics

The experiment was divided in 2
clearly different phases, indicated by
significant changes in chl a and the
carbon-based biomass of plankton
groups (Figs. 3 & 4). Phase 1 comprised
Days 0 to 10, and phase 2 was Days 11
to 22.

In phase 1, chl a decreased from 4.34
to 0.87 µg l−1 in all mesocosms (Fig. 3a)
due to the rapid break-down of a
diatom bloom (also in the fjord), which
was do minated by chain-forming
 Ske le to nema sp. (Fig. 4f, Fig. S1f in the
Supplement). Picoeukaryotes (0.1−
2 µm), small nanoeukaryotes (2−7 µm),
large nano eukaryotes (6−20 µm) and
dinoflagellates (20− 200 µm) showed
comparable peak dynamics and de -
clined  towards the end of phase 1
(Fig. 4c−e,g). This decline was followed
by similar dynamics in the ciliate com-
munity (Bonferroni p < 0.001; Fig. 4h,
Fig. S1). There were no significant dif-
ferences be tween treatments in chl a
and Fv/Fm (Fig. 3) nor for any of the

planktonic groups (Fig. 4, all SPANOVA, p > 0.05)
during phase 1. Only heterotrophic bacterioplankton
biomass (Fig. 4i) and its net growth rate were signifi-
cantly higher in the HC treatment compared to the
LC treatment by Days 9 to 10 (~64 µg C l−1, post hoc
Sidak p = 0.026 and p = 0.016, Days 9 and 10, respec-
tively). However, biomass and net growth rates of
bacterioplankton reversed and were higher in the LC
than HC treatments during phase 2 (Table 2).

During phase 2, chl a concentration increased in all
treatments (Fig. 3a) due to elevated biomass of Emil-
iania huxleyi (5−10 µm), Synechococcus (0.6−2 µm),
small and large nanoeukaryotes and, to a lesser ex -
tent, dinoflagellates (20−200 µm; Fig. 4a−e, g). Chl a

Variable    Day                   Treatment
                                LC–DFB          LC+DFB          HC+DFB         HC–DFB

pH                1       8.04 (0.01)a           8.05 (0.02)a       7.71 (0.02)b           7.70 (0.04)b

                     3       8.06 (0.05)a           8.10 (0.02)      7.77 (0.01)b           7.75 (0.01)b

                     5       8.24 (0.02)a           8.22 (0.02)a       7.66 (0.15)b           7.81 (0.02)b

                    10      8.28 (0.01)a           8.30 (0.03)a       7.84 (0.00)b           7.86 (0.01)b

                    22      8.22 (0.06)a           8.16 (0.03)a       7.77 (0.03)b           7.81 (0.02)b

TA                1        2100 (20)a            2176 (40)a             2096 (25)a              2140 (34)a

                     3        2086 (23)a            2046 (6)a                2060 (35)a              2046 (15)a

                     5        2027 (40)a            2032 (8)a                1956 (108)a           1975 (67)a

                    10       2045 (48)a            2006 (5)a                2021 (14)a              2013 (15)a

                    22       2003 (35)a            1983 (38)a             1996 (15)a              2006 (12)a

DIC              1        1933 (6)a               2002 (44)ab           2041 (20)bc            2086 (25)c

                     3        1910 (33)a            1861 (11)a             1989 (33)b              1980 (16)b

                     5        1775 (27)a            1793 (14)a             1917 (143)a           1894 (66)a

                    10       1769 (34)a            1727 (17)a             1915 (16)b              1930 (14)b

                    22       1777 (38)a            1773 (28)a             1926 (7)b                 1924 (10)b

Ωcalcite                 1        2.98 (0.04)a         3.15 (0.10)a          1.50 (0.08)b        1.53 (0.14)b

                     3        3.07 (0.25)a         3.28 (0.09)a          1.68 (0.04)b        1.63 (0.04)b

                     5        4.16 (0.50)a         4.22 (0.15)a          1.30 (0.60)b        1.77 (0.09)b

                    10       4.49 (0.03)a         4.85 (0.21)a          1.93 (0.01)b        2.01 (0.02)b

                    22       4.08 (0.30)a         3.59 (0.29)a          1.64 (0.10)b        1.80 (0.07)b

RR                1        0.75 (0.06)a         0.80 (0.08)a          0.41 (0.11)b        0.41 (0.10)b

                     3        0.77 (0.07)a         0.82 (0.08)a          0.45 (0.09)b        0.44 (0.09)b

                     5        1.06 (0.19)a         1.03 (0.18)a          0.38 (0.10)b        0.47 (0.08)b

                    10       1.15 (0.25)a         1.21 (0.29)a          0.51 (0.07)b        0.53 (0.06)b

                    22       1.03 (0.18)a         0.90 (0.11)a          0.44 (0.09)b        0.48 (0.08)b

Table 1. Measured pH, total alkalinity (TA, µmol l−1), calculated dissolved inor-
ganic carbon (DIC, µmol l−1) and calcite saturation state (Ωcalcite) under the dif-
ferent treatments; LC: ambient CO2 (390 µatm); HC: increased CO2 (900 µatm);
−DFB (ambient dissolved iron, dFe); +DFB (increased dFe). Note that DFB was
added on Day 7. Data are means (± SD) of 3 independent mesocosm bags, ex-
cept for LC−DFB treatment in which n = 2. Significant differences  between
treatments within each day are represented by different superscript letters
(2-way ANOVA followed by post hoc Tukey tests, where p < 0.05 is  significant).
The rain ratio (RR) was calculated applying the models from Ridgwell et al.
(2007) and Hofmann & Schellnhuber (2009). The calculated RR represents the 

average between the 2 models, with SD in brackets
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remained below 2 µg l−1 in the HC treatments, while
it culminated at ~3.5 µg l−1 on Day 19 under LC+DFB
conditions (Fig. 3a). Significant differences in chl a
concentration between HC and LC were observed
independent of DFB addition (Fig. 3a; Tukey p <
0.0001). However, DFB addition (on Day 7) had a
delayed positive effect on chl a in phase 2 (Tukey p <
0.0001 and Bonferroni p ≤ 0.001). Fv/Fm was signifi-
cantly higher in LC than in HC treatments in this
period (Fig. 3b; p < 0.05). Under LC conditions, +DFB

promoted a significant increase in Fv/Fm with respect
to the control (LC−DFB; Fig. 3b, Sidak p < 0.05). In
contrast, in the HC treatments, Fv/Fm was higher in
the absence of DFB. The coccolithophore E. huxleyi
and the cyanobacterium Synechococcus sp. were
affected by both pCO2 and Fe conditions.

A massive increase in E. huxleyi biomass was evi-
dent in the LC+DFB treatment, reaching 1600 µg C
l−1 corresponding to 60 000 cells ml−1 in phase 2
(Fig. 4a and Fig. S1a, respectively). In contrast, E.
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huxleyi biomass was much lower in the HC treat-
ments (200 µg C l−1 in HC+DFB and 78 µg C l−1 in
HC− DFB) and remained at levels below those in the
control mesocosms (400 µg C l−1; Fig. 4a). Thus, the
biomass of E. huxleyi was significantly negatively
affected by pCO2 (Sidak p < 0.0001) and positively by
iron (Sidak p < 0.0001) and by the interactive effects
of both factors (Sidak p < 0.0001). In mesocosms
treated with DFB, E. huxleyi clearly dominated the
phytoplankton biomass under low pCO2 and high
dFe conditions, with up to 9000 times higher biomass
than the other groups (Fig. 4a) and faster net growth
rates (up to 0.61 d−1, Table 2). The 3-fold increase in

dFe as a result of DFB addition produced a significant
4-fold increase in E. huxleyi biomass at ambient
pCO2 with respect to the control and 8- and 20-fold
higher E. huxleyi biomasses with respect to HC+DFB
and HC− DFB, respectively. In contrast, elevated
pCO2 had a negative effect on E. huxleyi net growth
rates, inhibiting growth by 50% relative to the LC
treatments (Table 2).

Synechococcus sp. showed a similar response to
treatments as E. huxleyi (Fig. S1). After an initial de -
crease during phase 1, Synechococcus sp. recovered
during phase 2 (Fig. 4b and Fig. S1b). The fastest re -
covery was observed in the LC treatments, with net
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growth rates of 0.58 d−1 and biomasses of 0.18 µg C
l−1 in the LC+DFB mesocosms (Table 2, Fig. 4b). Ele-
vated pCO2 had significant negative effects on Syne-
chococcus sp. from Day 12 onwards (Sidak p = 0.018
and Bonferroni p < 0.001). High dFe (+DFB) pro-
moted a significant increase in biomass in the LC+
DFB compared to the control (LC−DFB) from Days 14
to 22 (Sidak p ≤ 0.03, Bonferroni p < 0.001) and in the
growth rates (0.04 and 0.59, respectively; Table 2).

In general, biomasses and/or net growth rates of
other microorganisms were not significantly affected
by changes in pCO2 and/or dFe levels or their inter-
action during phase 2 (all SPANOVAs, p > 0.05).
Meso zoo plankton was dominated by calanoid cope-
pods and reached high biomass in all treatments
from initially 16.5 to 159−223 µg C l−1 at the end of
the experiment (Fig. 5), but there were no significant
differences in total mesozooplankton due to the
treatments (SPANOVA, p > 0.05).

DISCUSSION

The reproducibility between the triplicates of each
treatment was high, allowing us to isolate and iden-
tify single and interactive effects on the variables

26

Growth rates                                          Time                  μLC−DFB                      μLC+DFB                   μHC+DFB                  μHC−DFB

Time period (days)                             period (d)

Emiliania huxleyi (5−10 µm)                 0−10              0.38 (0.0233)a*         0.40 (0.0119)a*     0.50 (0.0640)a*     0.53 (0.0880)a*
                                                              11−22              0.52 (0.0571)a*         0.60 (0.0009)b*     0.42 (0.0545)c*     0.33 (0.0073)d*

Synechococcus sp (0.6−2 µm)               0−10                        −                                −                             −                            −
                                                              11−22              0.03 (0.0645)a*     0.5859 (0.0696)b*     0.42 (0.0581)a*     0.35 (0.0964)a*

Picoeukaryotes (0.1−2 µm)                   0−10              1.28 (0.0354)a*         1.18 (0.1834)a*     1.01 (0.0372)a*     0.11 (0.0543)a*
                                                              11−22              0.33 (0.2083)a*         0.14 (0.0217)a*     1.15 (0.0973)a*     0.08 (0.0459)a*

Small nanoeukaryotes (2−7 µm)           0−10              0.20 (0.0167)a           0.30 (0.0189)a       0.29 (0.0077)a       0.21 (0.1353)a

                                                              11−22              0.31 (0.0431)a           0.32 (0.0273)a       0.29 (0.1076)a       0.40 (0.1166)a

Large nanoeukaryotes (6−20 µm)        0−10              0.32 (0.2058)a           0.41 (0.0279)a*     0.28 (0.0847)a*     0.31 (0.0451)a

                                                              11−22              0.40 (0.0106)a           0.34 (0.0590)a*     0.35 (0.0501)a*     0.46 (0.0900)a

Dinoflagellates (30−75 µm)                   0−10              0.26 (0.0214)a*         0.33 (0.0213)a*     0.34 (0.2582)a*     0.25 (0.0792)a*
                                                              11−22                        −                                −                             −                            −

Bacterioplankton (0.2−0.7 µm)             0−10              0.55 (0.0835)a*         0.55 (0.1040)a*     0.85 (0.070)b*       0.99 (0.1185)b*
                                                              11−22              0.77 (0.033)a*           0.72 (0.043)a*       0.51 (0.1205)a*     0.72 (0.2773)a*

Table 2. Net growth rates (μ, d−1) of the different groups calculated with the logistic model under the different treatments;
LC: ambient CO2 (390 µatm); HC: increased CO2 (900 µatm); −DFB (ambient dissolved iron, dFe); +DFB (increased dFe). In
the logistic model ln((K − N)/N), K is the carrying capacity, N corresponds to cell numbers at a given time, and the growth
rate (μ) is the slope from the linear regression. Data are means (± SD) of 3 independent mesocosms except for the LC−DFB
treatment in which n = 2. Significant differences between treatments within the same time period (i.e. 0−10 d or 11−22 d)
are represented by different superscript letters (2-way ANOVA followed by post-hoc Tukey tests, where p < 0.05 is signifi-
cant). Significant differences between the 2 time periods mentioned within the same treatment are represented by an aster-
isk (t-test). Blank spaces mean that net growth rates have non-significant determination coefficients (R2). Note that 
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measured. The targeted high CO2 concentrations
were achieved in the 6 mesocosms, although the
steady state values were slightly lower (900 µatm)
than our aimed concentration (1000 µatm). However,
we did not achieve a stable ambient CO2 (LC) con-
centration lasting throughout the experiment. The
average pCO2 was 300 µatm and thus below the
present levels. Similar difficulties were experienced
by Schulz & Riebesell (2013), who reported diel vari-
ability in proton (H+) and CO2 concentrations during
a mesocom study simulating different CO2 scenarios
ranging initially from about 370 to 1250 µatm, but
dropping to 675 ± 65 and 310 ± 30 µatm by the end. A
considerable natural variability exists in seawater
carbonate chemistry speciation, caused by changes
in temperature and biological activities such as pho-
tosynthesis, respiration, nutrient utilisation, reminer-
alisation and calcium carbonate precipitation and
dissolution (Riebesell et al. 2008, Schulz & Riebesell
2013). These processes were highly active during our
experiment, mainly driven by sunny conditions dur-
ing the experimental period (75% days with clear
sky, 25% days with partial cloud-covered sky). Con-
sidering that variability occurs on interannual, sea-
sonal and diurnal time scales, it forms part of the sys-
tem’s behaviour. However, the amplitude of these
changes is predicted to increase with increasing
future CO2 levels (decreasing seawater pH) because
of declining seawater buffer capacity (Schulz &
Riebe sell 2013).

Instead of our intention to induce Fe limitation by
DFB addition on Day 7, we found that DFB enhanced
dFe levels, likely due to an increase in Fe solubility.
Similar results have been observed in other fjord
environments (Öztürk et al. 2002). The decrease in
particulate iron concomitant to the increase in dis-
solved iron up to a significant 12-fold change from
particulate iron to dissolved iron in the LC+DFB
treatment (Fig. S2 and Table S1 in the Supplement)
indicates that DFB mediated the transfer of Fe from
the particulate to the soluble pool. In addition, Fe sol-
ubility is enhanced at pH lower than 7.8 (Kuma et al.
1996). Hence, high CO2 also increased dFe levels in
our experiment, as previously observed in a meso-
cosm experiment in the same fjord (Breitbarth et al.
2010b). In conclusion, in fjord environments, dFe lev-
els increased similarly by either the addition of CO2

and/or DFB. Moreover, an increase in dFe by high
pCO2 (HC) in combination with DFB addition (HC+
DFB) was observed, relative to the one with only high
pCO2 (HC−DFB) (Fig. 1b). This indicates that the
presence of the siderophore prevented the re-precip-
itation of the dFe that was solubilised at high CO2

(lower pH), and thus increased the residence time of
solubilised Fe in the water column. This demon-
strates a synergistic positive effect of high CO2 and
DFB on dFe concentration. To date, few investiga-
tions have examined the pH effect on iron bound to
organic ligands (FeL) and Fe bioavailability. The pH
effect will depend on the nature of Fe-binding func-
tional groups of the organic ligands (Millero et al.
2009). More specifically, low pH de creases the Fe
bioavailability in the presence of DFB, and has been
suggested to decrease the availability of Fe within
natural organic complexes (Shi et al. 2010). However,
Fe-bound to some chelating agents is more photola-
bile at lower pH, thus likely increasing bioavailabil-
ity of Fe for some FeL complexes (Sunda & Huntsman
2003). Ocean acidification has been shown to in -
crease Fe(II) concentrations and its half-lifetime due
to slower Fe(II) oxidation rates, during a mesocosm
experiment in the same location as this study (Breit-
barth et al. 2010b). Thus, in coastal and fjord environ-
ments, low pH and/or strong organic ligands might
enhance the solubility of particulate Fe, promoting
higher Fe availability to phytoplankton.

The distinct chemical conditions described above
steered the mesocosms’ performance into 2 clearly
differentiated phases. In phase 1 (Days 0−10), ambi-
ent dFe conditions in the mesocosms were sufficient
for all planktonic groups to meet their iron demand
(in the range of pM, Table S2) and other macronutri-
ents were sufficient to sustain growth (Fig. 2). Phase
1 thus consisted of a plankton succession similar to
what has previously been reported (Paulino et al.
2008) with small autotrophs being grazed by micro-
zooplankton (data not shown), which in turn were
probably preyed upon by copepods (Nejstgaard et al.
2001). However, no pCO2 effects were observed in
phase 1 in any of the functional groups, except for
bacterioplankton. Heterotrophic bacteria reacted
positively to HC treatments towards the end of phase
1 and had higher net growth rates at increased pCO2

levels, possibly due to enhanced available DOM, in
agreement with previous studies (Endres et al. 2014)
(Fig. 2). The reverse situation occurred between
Days 12−18 during phase 2. This reflect changes in
bacterial community composition, but further studies
are needed.

In phase 2 (Days 11−22), the coccolithophore Emil-
iania huxleyi, and the cyanobacterium Synechococ-
cus sp. were both affected by the different pCO2 and
Fe conditions. The effects of increased pCO2 on E.
huxleyi are in agreement with previous mesocosm
studies (Riebesell et al. 2007) showing that elevated
pCO2 had a detrimental impact on the net growth of
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E. huxleyi, while at ambient pCO2 and high N:P
ratios E. huxleyi dominated the phytoplankton com-
munities (Paasche 2001). It is not surprising that E.
huxleyi flourished under ambient CO2 conditions
due to its ability to efficiently exploit organic nutri-
ents, to consume ammonium instead of nitrate and to
use its efficient alkaline phosphatase (Fig. 2, and
reflected in Paasche 2001).

However, the beneficial effect of DFB is more cryp-
tic. Our results indicate that the DFB addition actu-
ally increased dFe, resulting in higher biomass. The
insufficiency of the ambient dFe to support the E.
huxleyi biomass can be demonstrated by calculating
the iron demand of the bloom relative to the concen-
tration of dFe in the control (LC−DFB). Our estimated
Fe demand to sustain E. huxleyi abundance in LC+
DFB was ~6−10 nM (Table S1). Values above this dFe
concentration were measured in all treatments ex -
cept in the control, where dFe concentrations were
below 6 nM (Fig. 1b). Therefore, the cells in the con-
trol were most likely experiencing Fe limitation (i.e.
the rate of dFe supply was slower than that of iron
demand by the coccolithophores), which was affect-
ing their growth rates (Table 2). In addition to slower
net growth rates and reduced chl a, significantly
lower Fv/Fm values were observed in the control with
respect to the LC+DFB treatment from Days 11 to 22
(Fig. 2b). Similar low values were observed in E. hux-
leyi under Fe limitation at the same light conditions
and for the same variables as in our experiment
(Honey et al. 2013). This combination of symptoms is
typical of Fe-deficient algae (Behrenfeld & Milligan
2013), further supporting the Fe-limited condition of
E. huxleyi in the control. However, the observed E.
huxleyi biomass as well as chl a did increase slightly
in the control despite assumed iron limitation. It can
be considered that dFe should decrease under these
circumstances. However, Fe demand estimated for
the control was 0.8 to 1 nM (data not shown). The
drawdown of such iron concentration by E. huxleyi in
the control is within the error range of our dFe meas-
urement, thus dFe uptake by the cells might not have
been evident. On the other hand, biomass can in -
crease, and cells can still be iron limited. In this case,
limited cells show slower net growth rates than Fe
replete cells, as also observed by Sunda & Huntsman
(1995).

Fe availability often limits primary productivity in
open-ocean waters and in some coastal upwelling
regions (de Baar & Boyd 2000), but Fe limitation in
fjord environments is less common (Öztürk et al.
2002). Fe bioavailability depends not only on dis-
solved Fe concentrations, but also on Fe speciation.

Although E. huxleyi net growth rates were higher in
the LC than in the HC treatments, blooming biomass
values (i.e. 60 000 cells ml−1; Fig. S1) in LC were not
sustained at in situ dFe concentrations (i.e. −DFB
treatment). It can be argued that the concomitant
effect of nitrate limitation occurring in the second
phase (Fig. 2) and low Fe availability might have
affected the dynamics of E. huxleyi and other plank-
ton groups. Iron re quire ments of phytoplankton are
strongly influenced by the availability and source of
nitrogen (Maldonado & Price 1996, Schoffman et al.
2016). Phytoplankton that is using ammonium (NH4

+)
for growth has lower Fe requirements than phyto-
plankton using nitrate (NO3

−; Maldonado & Price
1996, Schoffmann et al. 2016). NH4

+ can be directly
incorporated into amino acids, while extra iron is
needed for nitrate assimilation, because nitrate and
nitrite re ductase contain Fe cofactors. In addition, the
energy for NO3 reduction is produced by the Fe-rich
photosynthetic electron transport chain. In our exper-
iment, NO3 concentration was limiting during phase
2, but NH4

+ increased from Day 5 to Day 15, likely as
a result of re mineralisation and nutrient release from
the de caying diatom bloom in phase 1. Such NH4

+

increase was sufficient to sustain growth of most
phytoplankton. Given the low calculated Fe demand
for the majority of phytoplankton groups in phase 2
(except for E. huxleyi), the dFe levels in the meso-
cosms were high enough to fulfil their Fe demands.
In contrast, E. huxleyi had a high Fe demand and was
thus only able to bloom in the treatments with in -
creased dFe concentrations. The ability of E. huxleyi
to flourish at low NO3

− levels can be explained by its
ability to efficiently use NH4

+ and organic nitrogen
sources as observed in Norwegian fjords and in the
North Sea (Lessard et al. 2005). These studies further
support the Fe-limited condition of the coccolitho-
phore, because when dFe increased, the E. huxleyi
bloom occurred despite low nitrate. In our experi-
ment, most phytoplankton groups were not experi-
encing Fe limitation, which was reflected by their
growth not being strongly affected by higher dFe.
According to the maximum calculated biomass
(Fig. 4), the N demand for each phytoplankton group
was about 0.78 µM N (data not shown) (excluding
E. huxleyi and dinoflagellates). Thus, the NH4

+ levels
measured in phase 2 (ca. 1.4 µM) were sufficient to
meet their N requirements. We did not observe in -
creases in C:chl a ratios (proxy for N limitation;
Jakobsen et al. 2015; data not shown) during phase 2
compared to phase 1. The coccolithophore was able
to use other N sources highly efficiently as men-
tioned above, by increasing the abundance of NH4

+
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transporters under nitrate limitation (McKew et al.
2015). Dinoflagellates were mostly heterotrophic and
some mixotrophic, and in Phase 2 were dominated by
Ceratium, which have been reported to grow under
low N and P, and to use NH4

+ and urea (Baek et al.
2008). Ceratium also perform luxury nitrate con-
sumption and are able to acquire extra nutrients via
phago trophy (Baek et al. 2008), and they are large
enough to escape grazing. Additionally, given that
bacterial biomass increased in phase 2 again, NH4

+

was most likely being consumed at a rate similar to
the rate of organic N remineralisation.

The most remarkable result in our experiment was
the massive increase in E. huxleyi biomass and its
growth rate in the LC+DFB treatment (up to 20-fold
higher biomass and 2-fold faster growth rate, Fig. 4a,
Table 2). The abundance of E. huxleyi also increased
several orders of magnitude relative to other auto-
trophic groups. Thus, the faster growth rates ob served
in the presence of DFB imply that Fe bound to DFB is
bioavailable to E. huxleyi, as previously demonstrated
by Lis et al. (2015). DFB was added in 17.5-fold excess
compared to the fjord dFe concentration, therefore we
assume that all dFe was complexed to DFB. Our re-
sults suggest that E. huxleyi is able to use DFB-bound
Fe (Fe-DFB). Indeed, E. huxleyi produces organic
complexes with high affinity for Fe (Boye & van den
Berg 2000) and is able to acquire Fe from organic Fe
complexes (Hartnett et al. 2012) including Fe-DFB
(Shaked & Lis 2012, Lis et al. 2015). Most likely, E.
huxleyi was able to access Fe bound to DFB by means
of a reductive pathway (Maldonado & Price 2001), one
of the most prevalent Fe acquisition mechanisms in
phytoplankton. The fact that E. huxleyi biomass in the
HC treatments was significantly higher in the pres-
ence than in the absence of DFB further suggests that
the cells were able to cope better with the un-
favourable effects of OA when they were not simulta-
neously Fe limited. The negative effects of OA on cal-
cifying algae is caused by external acidification
reducing the [H+] electrochemical gradient, impairing
the cellular passive [H+] outflow that is a by-product of
the calcification process (Taylor et al. 2012). In addi-
tion, maintaining a constant intracellular pH is ener-
getically costly, and OA likely affects the cellular en-
ergy demands (Taylor et al. 2012). Metabolism drives
traits that determine fitness, growth and survival of
populations (Dell et al. 2011), thus increased dFe dur-
ing our experiment may have helped the cells to meet
the extra metabolic demands imposed by the decrease
in pH, allowing them to sustain growth.

The response to treatments of Synechococcus sp.
was similar to that of E. huxleyi, i.e. negatively af -

fected by increased pCO2 and positively by high dFe
in the control (LC−DFB). The estimated Fe demand
for Synechococcus sp. was ca. 2 pM (Table S2), well
below the dFe concentrations in the control. This
suggests that Fe concentration did not influence the
net growth of Synechococcus. However, high dFe
(+DFB) promoted a significant increase in biomass
and growth rates at ambient CO2 conditions (LC+
DFB) compared to the control, indicating that higher
Fe levels induced growth. Since niche differences in
cyanobacteria Fe-metabolism are well documented
(Desai et al. 2012), the mechanism by which the
growth of Synechococcus is enhanced by Fe is not
clear. In agreement with Paulino et al. (2008), high
CO2 led to reduced net growth and biomass in the
HC treatment during phase 2. Contrasting results
have been observed in another study from the
Raune fjord locality (A. Larsen pers. obs.), indicating
that the harmful HC effects on this species are not yet
well understood. It has been hypothesised that high
CO2 might decrease photosynthetic efficiency and
light saturation constants or affect nutrient availabil-
ity or competition with other taxa (Mackey et al.
2015), or being perhaps more sensitive to grazing
pressure. Unfortunately, we do not know at present
which Synechococcus strains inhabit the fjord, and
no molecular studies have been conducted so far to
elucidate this; thus, we cannot conclude whether the
increased pCO2 and dFe effects on Synechococcus
could be a strain-specific response, an indirect effect
or the combination of both.

The consequences of the interactive effects of
pCO2 and Fe availability on E. huxleyi can be critical
to C-cycling and marine ecosystems. Within the
future predicted climate scenario for coastal ecosys-
tems, particulate and/or colloidal iron might become
more solubilised by lower pH (Sunda & Huntsman
1995, Breitbarth et al. 2010a), by natural organic lig-
ands, and/or by increased ultraviolet radiation,
which mediates photo-solubilisation (Kuma et al.
1996, Hassler & Schoemann 2009). Given the vari-
ability of responses to increased pCO2 observed in E.
huxleyi (Hutchins 2011, Riebesell & Tortell 2011,
Meyer & Riebesell 2015), some strains that are held
back by iron limitation might become more abun-
dant, gaining a competitive advantage through their
low stringent requirements for nutrients and high
growth under photoinhibitory conditions (Paasche
2001) at increased Fe availability. All of these pro-
cesses have a clear impact on Fe solubilisation. In
coastal areas from polar regions, glacial meltwater
(as a consequence of global warming) represents a
significant entry of iron and colloidal matter, as well
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as aerosols and riverine discharges in other coastal
regions (reviewed by Marchetti & Maldonado 2016).
Thus, in  areas where particulate Fe inputs are impor-
tant, the  effectiveness of some natural chelators such
as sidero phores, in dissolving Fe from oxyhydroxides
and/ or by enhancing the photoinduced redox cycle
of Fe, will be increased (Shi et al. 2010 and refer-
ences therein). According to our results, the deleteri-
ous effect of OA on the development of E. huxleyi
blooms will be more relevant in high-Fe environ-
ments than in Fe-limited ones. The loss of C produc-
tion of E. huxleyi (estimated as the areas below the
curves in Fig. 4a) due to OA was ~92% in high dFe
concentration, and ~70% in control Fe conditions.
The potential benefit of higher Fe availability (in -
creased dFe levels) in an acidified ocean will be
 overridden by the decrease in pH itself. However, in -
creased dFe by DFB in high-pCO2-seawater en -
hanced E. huxleyi C production by ~60%. Fe-
favoured strains of E. huxleyi (strains that are Fe
limited under actual dFe conditions and will thrive in
a high Fe environment) could outcompete other
phytoplankton and influence the counterbalance
between the carbonate pump and the organic carbon
pump (i.e. RR, Rost & Riebesell 2004) in a future high
CO2 and high dFe ocean. RR is the ratio of particulate
inorganic to organic carbon in exported biogenic
matter (calcite:POC or PIC:POC), which is used as a
proxy for calcification vs. photosynthesis (Hutchins
2011). In our experiment, RRs were significantly
higher in LC than in HC treatments (average 0.9 vs.
0.4 respectively, Table 1), in close agreement with a
number of experiments (Meyer & Riebesell 2015).
Furthermore, Fe limitation has been shown to de -
crease PIC:POC ratios (Muggli & Harri son 1996) and
CaCO3 production rates (Schulz et al. 2004) in cul-
tures of E. huxleyi, while the opposite has been
shown under P and N limitation (Paasche 2001). PIC:
POC in our study increased significantly (ca. 4-fold)
during phase 2 in LC+DFB relative to all other treat-
ments (M. R. Lorenzo et al. unpubl. data), implying
that the increase in dFe might enhance calcification
as observed by Muggli & Harrison (1996). Sustained
growth and possibly calcification under future in -
creased pCO2 levels might be mediated by strains
that are favoured by high dFe. If so, the PIC ballast
effect in surface oceans (Sanders et al. 2010) would
not be affected (calcite saturation state above 1, as
shown in Table 1) and the downward POC flux
would continue and directly influence the RR.

In summary, this study demonstrates that Fe con-
centrations can control phytoplankton community
structure in coastal ecosystems and that ocean acidi-

fication can enhance Fe bioavailability. This is con-
trary to the idea that Fe is rarely limiting in fjord and/
or estuarine environments. E. huxleyi was negatively
affected by increased pCO2 levels, a scenario sug-
gested for the near future. However, our study indi-
cates that some E. huxleyi strains might have higher
Fe requirements than initially thought. Thus, in areas
with high total Fe concentrations (particulate and
dissolved Fe), the detrimental effects of in creased
pCO2 on these strains can be partially mitigated by
enhanced dFe, possibly inducing cascading effects
on food web dynamics, carbon export and the RR.
These effects will ultimately affect the exchange of
CO2 across the ocean−atmosphere interface. The
interactive effects of pCO2 and Fe observed in our
mesocosm study highlight the importance of examin-
ing multiple stressors simultaneously in natural com-
munities. Investigating how multiple drivers, compe-
tition, acclimation and adaptation interact at longer
experimental times and affect natural plankton com-
munities is essential to better predict how marine
ecosystems will respond to future changes.
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