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Abstract
Photosynthesis and respiration cause distinct chemical microenvironments within cyanobacterial aggregates.

Here, we used microsensors and a diffusion–reaction model to characterize gradients in carbonate chemistry
and investigate how these are affected by ocean acidification in Baltic vs. Pacific aggregates (Nodularia and Doli-
chospermum vs. Trichodesmium). Microsensor measurements of O2 and pH were performed under in situ and
expected future pCO2 levels on Nodularia and Dolichospermum aggregates collected in the Baltic Sea. Under in
situ conditions, O2 and pH levels within the aggregates covered ranges of 80–175% air saturation and 7.7–9.4 in
dark and light, respectively. Carbon uptake in the light was predicted to reduce HCO3

� by 100–150 μmol L�1

and CO2 by 3–6 μmol L�1 in the aggregate center compared to outside, inducing strong CO2 depletion (down to
0.5 μmol L�1 CO2 remaining in the center) even when assuming that HCO3

� covered 80–90% of carbon uptake.
Under ocean acidification conditions, enhanced CO2 availability allowed for significantly lower activity of car-
bon concentrating mechanisms, including a reduction of the contribution of HCO3

� to carbon uptake by up to
a factor of 10. The magnification of proton gradients under elevated pCO2 that was predicted based on a lower
buffer capacity was observed in measurements despite a concurrent decrease in photosynthetic activity. In sum-
mary, we provide a quantitative image of the inorganic carbon environment in cyanobacterial aggregates under
present-day and expected future conditions, considering both the individual and combined effects of the chemi-
cal and biological processes that shape these environments.

As the oceans are absorbing a significant part of anthropo-
genic CO2 emissions, seawater pH levels are continuously
decreasing, a phenomenon referred to as ocean acidification
(Doney et al. 2009). The change in pH for a given amount of
CO2 uptake differs depending on the chemical properties of
the seawater, including the initial carbon content (Egleston
et al. 2010) and alkalinity (defined as the excess of proton
acceptors over proton donors; Dickson et al. 2007).

The Baltic Sea is a semi-enclosed brackish water system
characterized by strong regional and seasonal variability in
seawater chemistry. The strong salinity gradient from its inlet
to the northern tip (35 to 3; Müller et al. 2016) is associated
with large gradients in dissolved inorganic carbon (DIC;
> 2000–600 μmol kg�1; Schneider et al. 2015) and total alka-
linity (> 2500–600 μmol kg�1; Müller et al. 2016). The low
total alkalinity as compared to open ocean water means a
lower capacity to take up CO2, but also a lower capacity to
buffer changes in pH due to CO2 uptake (Zeebe and Wolf-
Gladrow 2001). Every summer, dense cyanobacterial blooms
dominated by the filamentous, aggregate-forming, N2-fixing
cyanobacteria Nodularia spumigena (hereafter Nodularia), Doli-
chospermum sp. (previously classified as Anabaena sp.), and
Aphanizomenon sp. appear in the Baltic Sea. Photosynthetic
CO2 uptake by these blooms induces strong variation in pCO2

and pH levels over the yearly cycle, with a pH range from 7.9
in winter to 8.5 in summer (Wesslander et al. 2010), and a
pCO2 range from ca. 100 μatm in winter to ca. 500 μatm in
summer (Omstedt et al. 2014).

Aside from this regional and seasonal variability, considerable
variability on the microscale is caused by the formation of
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cyanobacterial aggregates. Microsensor studies have revealed dis-
tinct microenvironments within aggregates with regard to nutri-
ents, O2 concentrations, and pH levels (Ploug 2008; Ploug
et al. 2011; Klawonn et al. 2015). Variations in pH, in turn, can
have multiple feedbacks on physiology as they affect the
requirements for regulatory mechanisms to maintain pH
homeostasis and are associated with changes in nutrient avail-
ability, including shifts in iron speciation and dissolution
(Morel and Hering 1993; Millero et al. 2009) as well as carbonate
chemistry (Zeebe and Wolf-Gladrow 2001). Specifically, the
increase in pH levels observed in the light suggests that CO2

may become depleted within aggregates. While most cyano-
bacteria (including Trichodesmium and Anabaena; Badger
et al. 2006) can take up HCO3

� in addition to CO2, HCO3
�

uptake is energetically more costly, hence a drawdown of CO2

within the aggregate microenvironment can be expected to feed
back on cellular energy budgets (Eichner et al. 2015).

The concentrations of CO2 and HCO3
� in the vicinity of

the cell depend on the interplay between carbon fluxes in and
out of the cell (i.e., photosynthesis and respiration), the chem-
ical equilibrium reactions, which may be enzymatically accel-
erated by extracellular carbonic anhydrase (eCA), and the
diffusion of these molecules within the aggregate microenvi-
ronment. The concentration gradients of individual carbon
species around plankton cells have been modeled as a func-
tion of bulk seawater carbonate chemistry, biological carbon
fluxes, the equilibrium reactions and the diffusion rates (Wolf-
Gladrow and Riebesell 1997). Application of such calculations
has advanced our understanding of cellular carbon acquisition
mechanisms in diatoms (Chrachri et al. 2018) and showed
that with increasing ocean acidification, as the buffer capacity
of seawater decreases, the variations in microenvironment pH
around phytoplankton cells will increase in magnitude (Flynn
et al. 2012). For the diffusive boundary layer around aggre-
gates of the N2 fixer Trichodesmium, strong deviations in pH,
aragonite saturation state, as well as DIC levels compared to
the surrounding seawater have been predicted (Kranz
et al. 2010). Even stronger variations in microenvironment
carbonate chemistry may be expected for cyanobacterial
aggregates in the Baltic Sea, due to their larger size and accord-
ingly thicker diffusive boundary layers and the low alkalinity
of Baltic seawater compared to open ocean systems.

Previous ocean acidification studies have shown that differ-
ent species of N2 fixers diverge strongly in their responses to
elevated pCO2 (Eichner et al. 2014b). Accounting for this
diversity in ocean acidification responses is a key requirement
for improving model predictions of global change effects on
primary productivity, yet, we are only starting to appreciate
and understand this diversity. One potential explanation for
the different responses of Baltic vs. open ocean diazotroph
species is that Baltic cyanobacteria are adapted to highly vari-
able microenvironments in terms of carbonate chemistry and
thus less susceptible to the changes related to ocean
acidification.

Here, we systematically analyzed carbonate chemistry in the
microenvironment of cyanobacterial aggregates under present-
day and future pCO2 levels. Using microsensors, we measured O2

and pH gradients in and around cyanobacterial aggregates col-
lected in the Baltic Sea, firstly under in situ conditions and then
investigating instantaneous as well as acclimation responses to
elevated bulk pCO2 levels. In a next step, we applied a diffusion–
reaction model (Wolf-Gladrow and Riebesell 1997; Wolf-
Gladrow et al. 1999) to these data for describing full carbonate
chemistry gradients within the aggregate microenvironments. In
these model calculations, we compared the effects of elevated
pCO2 levels in different seawater chemistry scenarios rep-
resenting Baltic Sea and Pacific conditions. Application of the
model to previously published microsensor data on the tropical
aggregate-forming cyanobacterium Trichodesmium then allowed
us to extend our predictions of microenvironment carbonate
chemistry to a wider range of aggregate-forming cyanobacteria
under various seawater conditions.

Material and methods
Sampling

Experiments were performed between 31 July and 22
August 2015 at Askö Laboratory in the Stockholm Archipel-
ago. Aggregates and seawater were sampled at station B1
(58�48011800N, 17�37050700E) during the onset of a Nodularia
bloom. Salinity at the study site was � 6 (practical salinity
units [psu]). Aggregates of Nodularia and Dolichospermum were
sampled by net-tows (41 μm mesh size) in the upper 3 m, or
with a bucket from the surface, depending on aggregate den-
sity. On one occasion (05 August), sampling took place further
out into the open Baltic (58�4303800N, 17�45041.300E, Landsort
deep) with a 90 μm net from the upper 5 m. Samples were
taken to the laboratory immediately after sampling and single
aggregates were picked with a Pasteur pipette under a stereo-
microscope at 2X magnification (Olympus SZ61, LRI Instru-
ment AB). Aggregates were then kept at 15�C and 250 μmol
photons m�2 s�1 (4000 K) at pH 8.2 until the start of measure-
ments within a few hours.

While in situ temperatures rose from � 15�C to � 18�C
over the course of the study, all incubations and measure-
ments were conducted at 15�C for better comparability
between treatments and replicates performed over time. In
parallel with aggregate sampling, samples for in situ pH, DIC
and total alkalinity in surface water were taken in a 1-liter flask
filled without headspace, reducing air contact and agitation
during sampling. Carbonate chemistry samples were processed
directly upon reaching the laboratory.

Carbonate chemistry measurements
pH was measured at 15�C with pH microelectrodes cali-

brated with NBS buffers (Sigma Aldrich). Samples for DIC and
total alkalinity were filtered through 0.2 μm syringe filters
(Filtropur S, Sarstedt) and stored at 4�C until measurements.
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DIC was measured colorimetrically (QuAAtro autoanalyzer,
Seal) and total alkalinity was determined by potentiometric
titration (TitroLine alpha plus, Schott Instruments) at Alfred
Wegener Institute, Bremerhaven, Germany. pCO2 in the
manipulated seawater was calculated from pH and DIC using
the CO2sys template (Pierrot et al. 2006).

Incubations and carbonate chemistry manipulation
Aggregates were incubated at two different pCO2 levels for 3–

4 d at 15�C and 250 μmol photons m�2 s�1 (light source VWR
Sverige AB; light sensor QSL 2101, Biospherical Instruments). In
order to avoid diffusion limitation and maintain aggregates
intact for the duration of the incubations, incubation vials (glass
serum bottles of 165 mL filled without headspace) were
mounted in a roller tank (ca. 20 cm diameter) rotating on a cus-
tom-made roller table (ca. 2 rpm). Seawater for incubations was
sampled from station B1 not more than 3 d before the start of
incubations and prebubbled with air of the respective pCO2

overnight or until the pH had reached a stable value. CO2 gas
mixtures were prepared with gas mixing pumps (H. Wösthoff
GmbH) from pure CO2 (Strandmöllen AB) and CO2-depleted
air, which was generated by passing compressed air consecu-
tively through air tight flasks containing NaOH (1 M) and soda
lime with a pH indicator dye (Sigma-Aldrich). Equilibrated sea-
water was carefully filled into serum bottles with a syringe fitted
with a tube reaching to the bottom of the flask. Between 6 and
14 aggregates were added depending on their size, aiming to
achieve similar biomass in all incubation vials.

Subsamples for pH, DIC, and total alkalinity were taken
from the seawater in incubation vials at the beginning and the
end of all incubations. Carbonate chemistry during the incuba-
tions as determined from these samples is shown in Table S1.
Total alkalinity was not significantly different between the
beginning and the end of incubations (t-test, p > 0.05, n = 3–4),
whereas DIC consumption over the incubation time was
91 � 35 μmol kg�1, inducing a pH increase by 0.28 � 0.14. In
controls with unfiltered seawater without aggregates that were
incubated in parallel, DIC decreased by 37 � 35 μmol kg�1 and
pH increased by 0.09 � 0.14. Tests with filtered seawater
showed no appreciable change in pH during handling and over
the incubation period (data not shown). At the end of incuba-
tions, individual aggregates relatively similar in size were picked
for microsensor measurements.

Microsensor measurements
For microsensor measurements, single aggregates were

placed in a custom-made flow system (Ploug and
Jørgensen 1999) under a flow of roughly 0.1 mm s�1 and fixed
with a thin glass needle to keep them in position. The flow
system was placed in an aquarium filled with filtered (0.2 μm)
seawater maintained at 15�C using a thermostated water bath.
Light intensity was adjusted to 150–250 μmol photons
m�2 s�1. Test measurements showed that this range of light
intensities caused variations at the aggregate surface by not

more than 15 μmol L�1 O2 and 0.1 pH units, respectively.
Prior to measurements, carbonate chemistry of the seawater in
the system was adjusted by bubbling with air of the respective
pCO2 until the desired pH value was reached. For testing
short-term effects of altered carbonate chemistry, conditions
were gradually changed by bubbling over a period of 1–2 h
while the cyanobacterial aggregate was in the system. Mea-
surements were started once the pH level was stable at the
desired level for � 30 min.

To test for potential adverse effects of incubating the aggre-
gates in the flow system during microsensor measurements
and/or effects of the intrinsic diel cycle on the photosynthetic
activity, O2 concentrations and pH levels at the surface of an
aggregate were monitored in a long-term measurement over
10 h. Over this time period, O2 concentrations at the aggre-
gate surface decreased by 50 μmol L�1 (at an average concen-
tration in the light of � 150 μmol L�1 above bulk conditions)
presumably due to a decrease in photosynthetic activity, while
pH ranged between 8.35 and 8.45 (at an average value in the
light of � 0.5 pH units above bulk). The maximum changes
over the duration of one set of measurements (max. 2 h) were
10 μmol L�1 O2 and 0.1 pH units. Thus, the drift in O2 and
pH as well as the effects of the diel cycle on replicates ana-
lyzed at different times of the day were considered negligible.

Consecutive measurements of pH and O2 were performed
on 21 aggregates in total. pH was measured with a pH micro-
electrode (Unisense, tip size 100 μm, response time < 10 s). O2

profiles were measured with O2 electrodes (Unisense, tip size
10 μm, response time 1–3 s) that were calibrated with seawater
saturated with air and N2 (AGA). Upon switching between
light and dark profiles, cells were allowed to acclimate for
10 min or until pH or O2 at the surface of the aggregate had
stabilized. O2 and pH were measured in 100 μm steps from
about 1 mm above the aggregate to the center (until the maxi-
mum/minimum was passed). The analytic solutions to the
reaction–diffusion equation inside the aggregate and the diffu-
sion equation within the diffusive boundary layer were fitted
to these depth profiles in order to calculate net O2 fluxes (J)
from steady state O2 gradients at the aggregate surface (dC/dr)
as described previously (Ploug et al. 1997), assuming
spherical geometry. The calculation was based on Fick’s 1st

law of diffusion, applying a diffusion coefficient (D) of 1.81 �
10�5 cm2 s�1 (15�C, salinity 6; Broecker and Peng 1974):

J ¼�D�dC=dr

Diffusion–reaction model
Gradients of CO2, HCO3

�, H+, and O2 within the aggregate
microenvironment were modeled using the model described
by Wolf-Gladrow and Riebesell (1997; here extended by inclu-
sion of O2), which accounts for the diffusion of each of these
compounds in the aggregate microenvironment as well as the
reactions in the carbonate system (Fig. 1). Reaction
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coefficients were taken from Zeebe and Wolf-Gladrow (2001).
As input parameters, pH and O2 concentrations measured
with microsensors in the surrounding seawater for each
individual aggregate, as well as average values of total alka-
linity and DIC measured in bulk seawater during the study
period were used (Table S2). Total carbon uptake by the
aggregates was based on O2 evolution rates calculated from
measured O2 gradients as described above (Microsensor
measurements), using the photosynthetic quotients (PQ)
specified for each aggregate in the text and figure legends.

Following the more conservative estimates of HCO3
� contri-

bution to total carbon uptake based on membrane inlet
mass spectrometry measurements on Trichodesmium in pre-
vious studies (Rost et al. 2007; Kranz et al. 2009; Eichner
et al. 2015), we assumed a contribution of 80% HCO3

� to
total carbon uptake unless specified otherwise.

Note that in standard runs of the model we assumed no
eCA activity, in line with published conceptual models of the
cyanobacterial carbon concentrating mechanism (CCM; Bad-
ger and Price 2003; Price et al. 2008; Burnap et al. 2015; Long
et al. 2016; Kaplan 2017) and measurements of very low activ-
ity of eCA in Trichodesmium (Kranz et al. 2009). Hence, in
these model runs, chemical equilibration within the diffusive
boundary layer is slower than diffusion, in contrast to previ-
ous model calculations (Flynn et al. 2012). Additionally, a sen-
sitivity analysis testing different levels of eCA activity was
performed (see Supplementary Material).

Results
Cyanobacterial abundance and in situ carbonate chemistry

Over the course of the study (19 d), density and species
composition of the large filamentous cyanobacteria changed
considerably (Table 1). During the first part of the study, Nod-
ularia was absent and Dolichospermum was present only at rela-
tively low density. In the middle of the study period,
Dolichospermum gradually increased in density, while a surface
bloom of Nodularia developed rapidly, with dense surface
aggregations appearing (Fig. 2a), followed by a phase of high
density in Dolichospermum, and a second peak in Nodularia
occurrence. Concurrently, in situ pH levels increased from 8.2
to a maximum of 8.6, while DIC concentrations decreased
from ca. 1420 μmol kg�1 to ca. 1290 μmol kg�1, equivalent to
a pCO2 decline from ca. 350 to 130 μatm (Table 1).

Fig 1. Conceptual overview of the major biological, physical, and chemi-
cal processes shaping gradients of O2, pH, and inorganic carbon in the
microenvironment of cyanobacterial aggregates. POC, particulate organic
carbon; DOM, dissolved organic matter. Solid arrows indicate chemical
transformations; dotted arrows indicate diffusion.

Table 1. In situ carbonate chemistry and estimated cyanobacterial abundance over the course of the study. pCO2_calc was calculated
from dissolved inorganic carbon (DIC) and pH. For total alkalinity (TA) and DIC, average � SD of duplicate measurements are shown.
“Surface bloom” denotes accumulation of Nodularia at the surface. “Landsort deep” denotes different sampling location (see the
Methods section). Aggregate density is based on visual estimation from net samples. n.a., not available.

Date pHNBS TA DIC pCO2_calc Aggregate abundance Comment

μmol kg�1 μmol kg�1 μatm Dolichosp. Nodularia

03 Aug 8.24 1543�15 1415�1 340 +

04 Aug 8.23 1553�12 1419�1 349 +

05 Aug 8.18 n.a. 1390�1 384 + Landsort deep

07 Aug 8.36 1529�2 1382�0 250

09 Aug 8.37 1553�5 1393�0 246 ++ ++++ Surface bloom

10 Aug 8.43 1536�4 1361�0 208 +++

11 Aug 8.56 1568�39 1367�1 152 ++++ ++

19 Aug 8.59 1479�1 1294�3 134

21 Aug 8.41 1528�27 1288�1 206 ++++ Surface bloom

22 Aug 8.59 1478�2 1293�1 133 ++ +++
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O2 and pH microenvironments under present-day
conditions

In the first set of measurements, pH and O2 gradients were
characterized on freshly collected aggregates of Nodularia and
Dolichospermum under bulk pCO2 and pH levels representative
of the conditions at the time of sampling. Following the devel-
opment of species composition and in situ carbonate chemis-
try over the study period (Table 1), measurements on
Dolichospermum were thus conducted at a pH of 8.2–8.3, while
measurements on Nodularia were mostly conducted at a
higher pH of 8.5–8.6 (Table 2).

O2 concentrations and pH levels showed strong light-depen-
dent gradients in and around aggregates of both Nodularia and
Dolichospermum as a result of photosynthesis and respiration
(Fig. 2e,f). The total range of O2 concentrations observed in
these aggregates under present-day in situ pCO2 was
239 μmol L�1 (measured in the dark) to 532 μmol L�1 (mea-
sured in the light), equivalent to a range from 80% to 175% air
saturation, with average levels of 90% air saturation in the dark
and 140% air saturation in the light (Table 2). pH values within
aggregates ranged between 7.7 (measured in the dark) and 9.4
(measured in the light) among all aggregates, and was

equivalent to an average difference in proton concentration
between light and dark of 11 � 5 nmol L�1. Except for pH in
the light, which was higher in Nodularia (t-test, p < 0.05, n = 3–
4), and O2 concentration in the dark, which was lower in Nod-
ularia (t-test, p < 0.05, n = 3–4), conditions in the aggregate cen-
ter were not significantly different between Dolichospermum
and Nodularia (t-test, p > 0.05, n = 3–4).

O2 uptake and production by the aggregates, as calculated
from steady state O2 gradients at the aggregate surface in dark
and light, were on average 1.8 � 1.5 and 4.8 � 4.5 nmol h�1

aggregate�1, respectively, and were not significantly different
between species (t-test, p > 0.05, n = 3–4; Table 2). Similarly,
volume-specific rates of O2 uptake and production were not
significantly different between species (t-test, p > 0.05, n = 3–
4; Table 2). Respiration and photosynthesis were highly corre-
lated for individual aggregates of both species, with respiration
accounting to approximately a third of gross photosynthesis
(estimated as the sum of net O2 fluxes in light and dark;
Fig. S1, also cf. data in Table 2). The average volume of Doli-
chospermum and Nodularia aggregates was not significantly dif-
ferent (t-test, p > 0.05, n = 3–14; Table S3). However, the
average chlorophyll (Chl) a content per aggregate was about

Fig 2. Typical appearance and depth profiles of O2 and pH of cyanobacterial aggregates analyzed in this study. (a) Surface accumulation of Nodularia
aggregates. (b) Two aggregates of Dolichospermum (middle and top) and an aggregate of Nodularia (bottom). Scale bar: 2 mm. (c, d) Close-ups of Nod-
ularia (c) and Dolichospermum (d) aggregates. Scale bars: 50 μm. (e, f) Typical depth profiles of O2 (e) and pH (f) measured in light and dark under in
situ pCO2 on a freshly collected aggregate of Nodularia. Approximate area taken by the aggregate is indicated by gray shading.
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twice as high in Nodularia as in Dolichospermum (Table S3),
implying a higher photosynthetic activity per unit of Chl a in
Dolichospermum.

O2 and pH levels were also compared to previous results on
Trichodesmium, which has a notably smaller average volume
than the Baltic aggregates (by about a factor of 5; Table S3),
implying a smaller biologically active volume and shorter dif-
fusion distance to the center of the aggregate. While absolute
O2 concentrations differed according to the different O2 solu-
bility in Baltic Sea vs. Pacific seawater, O2 levels relative to air
saturation in the center of aggregates were very similar
between Trichodesmium and Baltic aggregates despite the size
difference (Tables S3, S4; t-test, p > 0.05, n = 3–10). pH values
in the center of aggregates were somewhat higher in the Baltic
aggregates than in Trichodesmium (significant difference only
in light, Table S4; t-test, p < 0.05, n = 5–10), while the range
in proton concentrations in light vs. dark was similar among
them (Table S4; t-test, p > 0.05, n = 5–8). Average O2 produc-
tion and uptake rates per aggregate were variable and not sig-
nificantly different between Baltic and Trichodesmium
aggregates (Table S4; t-test, p > 0.05, n = 3–10). Given the size
difference between the aggregate types, the similar rates per
aggregate reflect lower volume-specific rates of photosynthesis

and respiration in the Baltic aggregates, which was statistically
significant for ambient pCO2 levels (Table S4; t-test, p < 0.05,
n = 6–10) but not for future pCO2 levels (Table S4; t-test,
p > 0.05, n = 3–7). This difference in volume-specific rates
might be due to deviations in biomass per volume, physiologi-
cal state, or diffusion limitation of respiration and/or photo-
synthesis in the larger aggregates of Nodularia and
Dolichospermum (Ploug et al. 2011).

Microenvironment carbonate chemistry under present-day
conditions

In a next step, concentration gradients of the individual
carbon species within the aggregate microenvironment were
modeled based on size and O2 evolution rates of individual
aggregates (Table 2; Eichner et al. 2017) as well as chemical
and physical conditions in the bulk seawater (DIC, pH, total
alkalinity, O2, salinity, temperature; Table S2). Measured and
modeled O2 and pH levels for Dolichospermum and Nodularia
aggregates under Baltic seawater conditions as well as for
Trichodesmium under Pacific conditions are shown in Fig. 3.

For a relatively small and low activity Dolichospermum
aggregate (ID D2) sampled under prebloom conditions (bulk
pH 8.2), these calculations predict reduced HCO3

� and CO2

Table 2. Conditions in the center of freshly collected aggregates of Dolichospermum and Nodularia as well as O2 evolution (light) or
uptake (dark) rates measured under present-day in situ conditions. d[H+] indicates the difference in H+ concentration in light vs. dark;
n.a., not available.

Species ID
Bulk
pH

Light
cond.

pH in
center

d[H+] in
center

[O2] in
center O2 evolution or uptake rate

nmol L�1 μmol L�1
nmol h�1

aggr.�1 nmol h�1 mm�3

Dolichospermum D1 8.2 Light 8.8 12 402 1.7 4.6

Dark 7.9 322 0.6 3.5

D2 8.3 Light 8.7 6 347 1.0 2.6

Dark 8.1 289 0.6 2.3

D3 8.3 Light 9.0 11 427 4.5 7.1

Dark 7.9 290 1.3 1.5

Avg � SD Light 8.9�0.2 10�3 392�41 2.4�1.9 4.7�2.3

Dark 8.0�0.1 300�19 0.8�0.4 2.4�1.0

Nodularia N1 8.2 Light 9.0 18 375 0.7 21.0

Dark 7.7 264 1.3 6.3

N2 8.6 Light 9.3 3 455 4.0 10.5

Dark 8.4 242 2.3 2.7

N3 8.5 Light 9.4 15 489 10.1 7.7

Dark 7.8 239 4.6 1.3

N4 8.6 Light 9.4 n.a. 532 11.9 9.2

Dark n.a. n.a. n.a. n.a.

Avg � SD Light 9.2�0.2 12�8 463�66 6.7�5.2 12.1�6.1

Dark 8.0�0.4 249�14 2.7�1.7 3.4�2.5

Total Avg � SD Light 9.1�0.3 11�5 432�65 4.8�4.5 8.9�6.0

Dark 8.0�0.2 274�32 1.8�1.5 2.9�1.8
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concentrations in the aggregate center due to cellular carbon
uptake by ca. 100 μmol L�1 HCO3

� and 6 μmol L�1 CO2,
reaching a CO2 concentration of 3.5 μmol L�1 in the center
when assuming a CO2 : HCO3

� uptake ratio of 20% : 80%. For
a more productive Nodularia aggregate (ID N2) sampled under
bloom-conditions (bulk pH 8.6), the model predicts a decrease
in HCO3

� of ca. 150 μmol L�1 and 3.5 μmol L�1 CO2 in the
aggregate center, reaching 0.5 μmol L�1 CO2 in the center

when assuming a CO2 : HCO3
� uptake ratio of 10% : 90%. In

this case, a larger contribution of CO2 to total carbon uptake
would completely deplete CO2 in the aggregate center. For
comparison, carbonate chemistry gradients were also modeled
for a Trichodesmium aggregate (ID T1) collected in the North
Pacific Subtropical Gyre, where bulk DIC concentrations and
total alkalinity are significantly higher. In this aggregate,
HCO3

� and CO2 gradients were smaller, with a decrease by

Fig 3. Modeled gradients of O2, pH, CO2, and HCO3
� concentrations (blue lines) and measured O2 and pH values (red circles) in the microenviron-

ments of three representative cyanobacterial aggregates. Dolichospermum ID D2, PQ 0.8, 20% CO2 uptake, total C uptake 4.51 � 10�13 mol C
aggregate�1 s�1; Nodularia ID N2, PQ 1.7, 10% CO2 uptake, total C uptake 7 � 10�13 mol C aggregate�1 s�1; Trichodesmium ID T1, PQ 0.8, 20% CO2

uptake, 1.8 � 10�13 mol C aggregate�1 s�1. Other input parameter values as specified in Table S2. Note different scales of y-axes.
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60 μmol L�1 HCO3
� and 3 μmol L�1 CO2 toward the aggregate

center, reaching 5.5 μmol L�1 CO2 in the center when assum-
ing a CO2 : HCO3

� uptake ratio of 20% : 80%.
Notably, very large and productive aggregates could not be

reproduced by the model, potentially indicating that the high
rates of photosynthesis we observed in some aggregates cannot
be sustained by inorganic carbon supply (diffusion and reac-
tions) on the long term (i.e., in a steady state). For
Trichodesmium and Dolichospermum, only a PQ below 1
(0.8; Fig. 3) could explain the ratio of measured O2 and pH gra-
dients, in agreement with previous reports of PQ values
for Trichodesmium (e.g., PQ 0.45–0.61, Carpenter and
Roenneberg 1995; PQ 1.0, Boatman et al. 2019). The slight
underestimation of pH deviations by the model even at these
low PQ levels (Fig. 3) might indicate the existence of a proton
sink associated with photosynthesis that is not accounted for
in the model. For Nodularia, in contrast, a high PQ was neces-
sary to reproduce the data (1.7; Fig. 3), since otherwise CO2

concentrations in the aggregate were negative, indicating that
cellular carbon uptake (as estimated from measured O2 gradi-
ents using the PQ) could not be supported by diffusion and
reactions. It should be noted that these PQ values describe the
net O2 and CO2 evolution and uptake rates of the whole micro-
bial consortium that forms the aggregate and may therefore be
affected by respiration of “old” particulate organic matter or dis-
solved organic matter (DOM) originating from the surrounding
water by heterotrophic bacteria (see the Discussion section).

O2 and pH microenvironments under elevated pCO2

In another series of measurements, microenvironment pH
and O2 gradients were determined in cyanobacterial aggre-
gates after experimentally manipulating external pCO2 levels.
In addition to the immediate responses to the change in pCO2

(instantaneous effects), we investigated the response to incu-
bating the cyanobacteria at the respective pCO2 for several
days (acclimatization effects).

For characterizing instantaneous responses to elevated
pCO2, the seawater in the flow system was bubbled with CO2-
enriched air, reaching the new pCO2 level over a time scale of
1–2 h. Conditions in the center of aggregates as well as O2

evolution and uptake rates under elevated pCO2 are summa-
rized in Table 3. As a result of the pCO2 treatment, pH levels
in the center of these aggregates were lower than those mea-
sured on fresh aggregates under present-day pCO2 (t-test,
p < 0.05, n = 3–7). Under elevated pCO2, pH levels in the cen-
ter of aggregates ranged between 7.3 (measured in the dark)
and 9.2 (measured in the light) with bulk pH levels of 7.7–7.9.
Neither the difference in proton concentration in light vs.
dark nor volume- or aggregate-specific O2 concentrations or
production and uptake rates were significantly different from
those measured on fresh aggregates under present-day pCO2

(t-test, p < 0.05, n = 3–6; Tables 2, 3, S4).
When analyzing the response of individual aggregates to the

change in pCO2, however, it becomes evident that rates of

photosynthesis and respiration generally decreased for both spe-
cies in response to the instantaneous shift in pCO2 (10 out of
12 cases; Table 3). This decrease occurred irrespective of the
direction of the shift, that is, when freshly collected aggregates
were shifted to future pCO2 (aggregates D1–D6, N1, N4; Table 3;
Fig. 4a–c) as well as when aggregates were shifted to present-day
pCO2 after an initial measurement at future pCO2 (aggregates
D7 and N5; Table 3; Fig. 4d–f), suggesting that the decrease was
a general stress response rather than a response specific to the
future pCO2 level. Repeated measurements on the same aggre-
gate under constant bulk conditions generally yielded similar
results (data not shown), confirming that the observed changes
were biological responses to the change in pCO2 rather than
artifacts of repeated measurements on the same aggregate.

For all but one aggregate, the range in proton concentrations
in light vs. dark (d[H+]) was higher under elevated pCO2 than
at present-day conditions (Table 3; Fig. 4c,f). This effect can be
attributed to the lower buffer capacity of the carbonate system
(Hauck and Völker 2015), which causes a larger change in pro-
ton concentration for the same amount of carbon uptake at ele-
vated pCO2 (see model calculations and the Discussion section
below). Notably, we were able to observe this increase in d[H+]
even when metabolic activity, as revealed by O2 fluxes,
decreased or stayed similar upon the switch to elevated pCO2

(aggregates D2, D3, N1; Table 3; Fig. 4).
For assessing the effects of acclimatization to the altered pCO2

condition, aggregates of Nodularia and Dolichospermum were
incubated in roller tanks under different pCO2 levels for 3–4 d.
To test for potential adverse effects of the incubation itself (“bot-
tle effects”), conditions in the center of the aggregate as well as
rates of photosynthesis and respiration were compared between
freshly collected aggregates and those incubated in a similar
manner under present-day in situ pCO2 conditions. This com-
parison yielded no significant difference for any of the measured
parameters (t-test, p > 0.05, n = 4). While overall variability
between colonies was high, comparing pCO2 treatments, neither
pH levels or the range of proton concentrations in light vs. dark
nor volume- or aggregate-specific O2 concentrations in the cen-
ter or O2 uptake and production rates (i.e., respiration and pho-
tosynthesis) were significantly different between pCO2 levels (t-
test, p > 0.05, n = 3–4; Table 4).

Notably, these measurements on cyanobacterial aggregates
reflect the integrated effects of the chemical changes after re-
equilibration of the carbonate system with air of higher pCO2,
that is, the shift in the carbonate system toward a higher
CO2 : HCO3

� ratio and the related changes in buffer capacity, as
well as the biological responses to these changes. The abiotic
effects could be resolved with microsensor measurements on
agar spheres containing yeast, representing a nonphotosynthetic
biological system that is potentially not as sensitive to pCO2

levels as the cyanobacterial aggregates (Fig. S2). In this system,
while the yeast was actively respiring under both pCO2 treat-
ments, the gradient in proton concentration was hardly detect-
able at ambient pCO2, whereas at future pCO2, proton
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concentration in the center of the agar spheres was clearly
reduced compared to outside (Fig. S2). These results reflect the
effects of lower buffer capacity at elevated pCO2, which leads to
a larger change in proton concentration for the same rate of res-
piration. In the next step, we aimed to dissect these chemical
effects from biological responses by model calculations of car-
bonate chemistry in the aggregate microenvironment.

Microenvironment carbonate chemistry under
elevated pCO2

For a quantitative analysis of the chemical changes in
aggregate carbonate chemistry under elevated pCO2, we
modeled the gradients of individual carbon species for two dif-
ferent pCO2 levels in seawater of different composition (Baltic
vs. Pacific), assuming the same rate of photosynthesis in all
cases (Fig. 5). In the Baltic seawater scenario with lower

alkalinity and DIC, bulk as well as microenvironment CO2,
HCO3

� and H+ concentrations are all lower than in the Pacific
scenario. The minimum CO2 concentration in the center of
aggregates was 3.5 μmol L�1 at Baltic present-day conditions
as opposed to 9.3 μmol L�1 at Pacific present-day conditions.
The deviations in CO2 and H+ in the center of the aggregate
as compared to the bulk, in turn, are larger in Baltic than in
Pacific seawater despite the same carbon uptake rate assumed
in the model. In both Baltic and Pacific seawater, ocean acidi-
fication increased not only the CO2 concentration in the cen-
ter, but also the deviation in CO2 and H+ concentration from
bulk conditions. The magnitude of this effect, however, is
larger in the Baltic Sea scenario due to the reduced buffer
capacity.

Previous model results have demonstrated that eCA activity
can substantially modify carbonate chemistry gradients in the

Table 3. Conditions in the center of aggregates of Dolichospermum and Nodularia as well as O2 evolution (light) or uptake (dark) rates
measured under elevated bulk pCO2 levels. d[H+] indicates the difference in proton concentration in light vs. dark. Columns denoted
“Shift resp.” show the ratio between values (of d[H+], O2 evolution or uptake rates, respectively) measured at future pCO2 to those mea-
sured at present-day pCO2. Aggregates were analyzed first at ambient pCO2 and then at future pCO2, except for values labeled with an
asterisk, where aggregates were analyzed first at future pCO2. n.a., not available.

Species ID
Bulk
pH

Light
cond.

pH in
center d[H+] in center

[O2] in
center O2 evolution or uptake rate

nmol L�1
Shift
resp. μmol L�1

nmol h�1

aggr.�1
Shift
resp. nmol h�1 mm�3

Dolichospermum D1 7.9 Light 8.2 9 0.8 345 0.3 0.2 3.0

Dark 7.8 305 0.5 0.8 3.9

D2 7.8 Light 8.0 13 2.3 357 0.8 0.9 1.8

Dark 7.6 308 0.7 1.1 1.3

D3 7.9 Light 8.4 23 2.1 382 1.8 0.4 6.5

Dark 7.6 291 0.9 0.7 2.1

D4 7.8 Light 8.2 n.a. n.a. n.a. n.a. n.a. n.a.

Dark n.a. n.a. n.a. n.a. n.a.

D5 7.8 Light 8.2 18 n.a. n.a. n.a. n.a. n.a.

Dark 7.6 n.a. n.a. n.a. n.a.

D6 7.7 Light 8.5 15 n.a. n.a. n.a. n.a. n.a.

Dark 7.7 n.a. n.a. n.a. n.a.

D7 7.8 Light 9.2 49 1.9* 615 32.0 1.1* 15.6

Dark 7.3 167 9.2 1.3* 5.0

Avg � SD Light 8.4�0.4 21�15 425�128 8.8�15.6 6.7�6.3

Dark 7.6�0.2 268�68 2.8�4.3 3.1�1.7

Nodularia N1 7.8 Light 8.2 25 1.4 375 0.9 1.3 14.5

Dark 7.5 280 0.8 0.6 6.2

N4 7.9 Light 9.0 n.a. n.a. 468 6.6 0.6 9.0

Dark n.a. n.a. n.a. n.a. n.a.

N5 7.9 Light 8.5 26 5.0* 417 4.5 2.4* 4.8

Dark 7.5 n.a. n.a. n.a. n.a.

Avg � SD Light 8.6�0.4 26�1 420�47 4.0�2.9 9.5�4.9

Dark 7.5�0.0 280 0.8 6.2

Total Avg � SD Light 8.4�0.4 22�12 423�94 6.7�11.4 7.9�5.4

Dark 7.6�0.2 269�53 2.4�3.8 3.7�2.0
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Fig 4. Examples of depth profiles showing effects of short-term pCO2 shifts on gradients of O2, pH, and H+ concentration within and around aggregates
of Dolichospermum. Approximate area taken by the aggregate is indicated by gray shading. (a–c) Aggregate shifted from present-day to future pCO2

(aggregate D3). (d–f) Aggregate shifted from future to present-day pCO2 (aggregate D7). A-CO2, ambient pCO2; F-CO2, future pCO2.

Table 4. Conditions in the center of aggregates of Dolichospermum and Nodularia as well as O2 evolution (light) or uptake (dark) rates
measured after acclimatization to different pCO2 conditions for 3–4 d. d[H+] indicates the difference in proton concentration in light vs.
dark. n = 4, except for O2 uptake at F-CO2 in the dark with n = 3. A-CO2, ambient pCO2; F-CO2, future pCO2.

Bulk pH Light cond. pH in center d[H+] in center [O2] in center O2 evolution or uptake rate

nmol L�1 μmol L�1 nmol h�1 aggr.�1 nmol h�1 mm�3

A-CO2 Light 8.9�0.2 31�24 446�69 7�4 7�5

Dark 7.6�0.3 227�59 5�3 3�2

F-CO2 Light 8.5�0.5 33�21 418�75 5�2 9�8

Dark 7.4�0.2 263�55 4�2 3�1
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diffusive boundary layer around diatom cells (Chrachri
et al. 2018). While to the best of our knowledge, there is no
evidence for eCA in N. spumigena or Dolichospermum, eCA
activity or genetic potential have been occasionally reported

in other cyanobacteria (Soltes-Rak et al. 1997; Li et al. 2018).
To investigate the potential effects of eCA activity on carbon-
ate chemistry within aggregates, we implemented the effects
of an acceleration of the conversion between CO2 and HCO3

�

in our model (Fig. S3). Under Pacific seawater conditions, eCA
effects were negligible, while under present-day Baltic condi-
tions, for an acceleration of the conversion by a factor of 107

(Radzicka and Wolfenden 1995) our model predicts ca. 30%
lower CO2 concentrations in the aggregate center. Under
future Baltic conditions, eCA effects were stronger, reaching
negative CO2 concentrations in the aggregate center at accel-
eration factors of 105. Hence, if eCA was active in Nodularia
and Dolichospermum, stronger drawdown of CO2 but slightly
less pronounced pH increase in the aggregate could be
expected compared to the situation without eCA activity
(Figs. S3, 5).

Discussion
The period of this field study encompassed the typical

chemical, physical, and biological changes occurring over the
development of cyanobacterial blooms in the Baltic Sea, giv-
ing us the opportunity to sample aggregates of two of the
major N2-fixing cyanobacteria in this system under a wide
range of in situ carbonate chemistry conditions. pCO2

decreased from 350 to 130 μatm and pH rose from 8.2 to 8.6
due to photosynthesis as the biomass of Nodularia and Doli-
chospermum increased (Table 1). In the following, we summa-
rize our findings on O2, pH, and carbonate chemistry within
these cyanobacterial aggregates, discuss the main processes
that shape these microenvironments, and evaluate their phys-
iological implications under present-day and future
conditions.

Players and processes behind O2 and pH gradients
Over the course of our study, the dominant species of

cyanobacteria at the surface shifted between Nodularia and
Dolichospermum (Table 1). In this—to our knowledge—first
report of microsensor measurements on Dolichospermum
aggregates, O2 and pH microenvironments as well as net O2

fluxes in light and dark were similar between these two spe-
cies (Table 2). In addition to these large cyanobacteria, a
variable number of other phytoplankton cells including dia-
toms, dinoflagellates, other cyanobacteria and protozoans
were observed in the aggregates (not shown), and an aver-
age of 35 presumably heterotrophic epibionts per cell of
Nodularia were found in a study conducted at the same time
and location (Schoffelen et al. 2019). Notably, the O2 and
CO2 fluxes shown here reflect the combined activity of this
microbial consortium.

Turnover of carbon within the aggregate through close cou-
pling of DOM production by the cyanobacteria and subse-
quent CO2 release by respiring associated bacteria can be
substantial. For instance, previous microsensor measurements

Fig 5. Modeled carbonate chemistry gradients in the microenvironment
of an aggregate with the same biological activity under different bulk con-
ditions representing present-day and future scenarios for Baltic vs. Pacific
seawater. Size and total carbon uptake as measured on Dolichospermum
aggregate D2 (Fig. 3). Other input parameter values as specified in
Table S2. Numbers in the plots indicate the deviation in the center of the
aggregate from bulk conditions in μmol kg�1.
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on strongly net autotrophic Baltic aggregates showed that O2

uptake in the light can exceed the O2 flux into the aggregate
in the dark by a factor of > 5 due to recycling of O2 and CO2

in the aggregate interior, which can be driven by photorespira-
tion (RubisCO functioning as an oxygenase) and/or intense
recycling of carbon and O2 between the autotrophic and het-
erotrophic microorganisms within the aggregate (Ploug 2008).
Importantly, this recycling of O2 and CO2 does not lead to net
fluxes of O2 and CO2 between the cyanobacterial aggregate
and the ambient water when the DOM is freshly produced
and released by the cyanobacteria (Fig. 1). In contrast, DOM
derived from “old” particulate organic matter or diffusion of
DOM from the surrounding water into the aggregate would
lead to net O2 consumption and CO2 production in the inte-
rior of aggregates. These latter processes would thus affect
steady state gradients of O2 and carbon in and around the
aggregates but are not explicitly included in our diffusion–
reaction model.

In summary, the O2 fluxes calculated from steady state O2

concentration gradients at the aggregate surface in light and
dark shown in this study (Tables 2–4) reflect the net fluxes of
O2 in and out of the aggregate that result from the interplay
of various processes (Fig. 1). In agreement with previous stud-
ies on cyanobacterial aggregates (Ploug et al. 2011; Eichner
et al. 2020), these net O2 fluxes differed strongly between indi-
vidual aggregates, resulting in large variability even when con-
sidering volume-normalized rates (Tables 2–4).

Generally, these data revealed that the microbial consor-
tium as a whole in both aggregate types was strongly net auto-
trophic in light, which was also reflected in the pH gradients.
Dark O2 respiration rates were equivalent to approximately a
third of gross photosynthesis, which is relatively high com-
pared to other phytoplankton, but similarly high ratios have
been reported previously on Nodularia aggregates (0.20–0.38;
Ploug et al. 2011). The high dark respiration relative to gross
photosynthesis may reflect respiration of “old” particulate
organic matter or DOM originating from the surrounding
water by associated bacteria and other organisms in the aggre-
gate consortium and/or the energy costs related to N2 fixation
and use of dissolved organic phosphorus by the N2-fixing cya-
nobacteria (Schoffelen et al. 2018).

Inorganic carbon gradients in different seawater systems
Carbon uptake and respiration induced distinct microme-

ter-scale pH gradients within the aggregate microenviron-
ment, in agreement with previous studies on Baltic and
Pacific cyanobacteria (Ploug 2008; Eichner et al. 2017). Here,
we show by model calculations that such changes in pH
reflect decreases in the order of 100–150 μmol L�1 HCO3

�

and 3–6 μmol L�1 CO2 in the aggregate center due to carbon
uptake in the light (Figs. 3, 5). Especially in the Baltic Sea

under bloom conditions when bulk CO2 levels decrease, this
can lead to almost complete drawdown of CO2 concentra-
tions in the aggregate center (Fig. 3; < 1 μmol L�1 CO2).

Variations in photosynthetic activity, which could be
induced by changing light intensity either on short time
scales with mixing and/or sudden changes in cloud cover or
over the day–night cycle can thus induce highly variable
microenvironment carbonate chemistry over time. For a given
biological activity, the lower alkalinity of Baltic seawater cau-
ses such variations to be more pronounced in Baltic aggregates
than in Pacific Trichodesmium aggregates (Fig. 5). Yet, despite
the different seawater composition and the large size differ-
ence between Trichodesmium and Baltic aggregates, pH and O2

saturation measured in the microenvironment were not signif-
icantly different between these types of aggregates, probably
as a result of species-specific differences in biological activity
but also large variation between activities of individual aggre-
gates (Tables 2, S4).

pH gradients under future pCO2: Abiotic vs. biotic effects
Our model calculations and measurements on yeast

showed stronger gradients in proton concentrations within
aggregates under future pCO2, which reflects the lower buffer
capacity under ocean acidification (Fig. 5). In a previous model
study, this effect was proposed to induce larger pH variability
in the microenvironments of single cells in the future, yet that
study did not account for physiological responses to pCO2

that may alter cellular carbon uptake rates (Flynn et al. 2012).
Here, we combined model calculations and microsensor mea-
surements on cyanobacterial aggregates, which allowed us to
dissect the chemical and biological effects of the change in
pCO2. Based on pH and O2 microsensor measurements on
individual aggregates at different pCO2 levels, we show that
the larger variability in proton gradients at future pCO2 was
manifested even when the cyanobacteria reduced their photo-
synthetic activity in response to the instantaneous change in
pCO2 (Fig. 4).

The reduction in activity as an immediate stress response to
our pCO2 treatment shows that both Nodularia and Doli-
chospermum are sensitive to short-term changes in carbonate
chemistry (time-scale of hours). In their natural environment,
mixing, aggregation, and formation of surface scums or the
feedbacks of photosynthesis rates changing with light inten-
sity may induce changes in microenvironment carbonate
chemistry on similarly short time scales. Under such condi-
tions, an ability to quickly recover from environmental
changes is important. In line with this, over acclimatization
time scale (several days), there was no significant difference
between pCO2 treatments, yet it should be noted that such an
effect may have been masked by the large variability between
individual aggregates.
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Potential for downregulation of the CCM
By means of their CCM, cyanobacteria can concentrate CO2

within the carboxysome in order to saturate RubisCO (Badger
and Price 2003). Previous studies have demonstrated that activity
of the CCM is adjusted in response to changes in external car-
bonate chemistry (Eichner et al. 2015). As the cells strive to
achieve a given degree of RubisCO saturation at the minimal pos-
sible cost at all times, changes in external CO2 concentration can
thus result in energy savings for the CCM. At a constant ratio of
CO2 to HCO3

� uptake of 20% CO2 contribution to total Ci

uptake, under ocean acidification the CO2 concentration in the
center of the aggregate would increase from 3.5 to 11.0 μmol L�1

in the Baltic Sea scenario, and from 9.3 to 21.4 μmol L�1 in the
Pacific seawater scenario (Table 5). Assuming that the CCM is
adjusted to saturate RubisCO by more than 80% to reach an
intracellular CO2 concentration of ca. 1000 μmol L�1 in all cases
(following estimates for Trichodesmium; Eichner et al. 2015), these
changes in external CO2 concentration would decrease the
required accumulation factor (CO2 at RubisCO : external CO2)
from 286 to 91 in the Baltic scenario, and from 108 to 47 in the
Pacific scenario (Table 5).

While CO2 can freely diffuse into the cell, HCO3
� can only

be taken up by ATP- or Na+-dependent transporters (Badger
and Price 2003). Assuming a scenario without eCA, where the
cells increase the ratio of CO2 to HCO3

� uptake up to the
point where CO2 is fully depleted in the center of the aggre-
gate, we calculated the maximum possible contribution of
CO2 to total inorganic carbon uptake for each scenario
(Table 5). In the Pacific scenario, carbon uptake could be fully
supported by CO2 under both present-day and ocean acidifica-
tion conditions, with 6.3 μmol L�1 CO2 remaining in the cen-
ter at present-day conditions. In the Baltic scenario, the
maximum contribution of CO2 to total uptake could be
increased from 45% under present-day to 95% under ocean
acidification conditions. This equals decreasing the rate of
HCO3

� uptake by a factor of 10, which would significantly
decrease the energy costs for the CCM.

Notably, the concentrations to which the CCM can draw
down CO2 ultimately depends on the CO2 affinity of the
NDH-1 complex that converts CO2 to HCO3

� in the cyto-
plasm (Price et al. 2008) and the concentration gradient across
the cell wall that is necessary to maintain diffusive influx into
the cytoplasm. Previous measurements of cellular inorganic
carbon fluxes in Trichodesmium suggested net CO2 efflux
(Eichner et al. 2015), that is, elevated CO2 concentrations in
the cytoplasm compared to outside, which could prevent effi-
cient diffusive CO2 uptake even at CO2 concentrations far
above zero. This could potentially explain why previous obser-
vations by membrane inlet mass spectrometry showed much
lower CO2 contributions to carbon uptake (< 20%; Eichner
et al. 2015) than the maximum possible contribution esti-
mated here (Table 5).

Implications for ocean acidification responses
The strong CO2 drawdown in aggregate microenviron-

ments suggests that aggregates may benefit more than single
filaments or cells from elevated pCO2 under ocean acidifica-
tion. A flexible CCM with a variable proportion of HCO3

�

uptake, as required for economic energy management under
the low and highly variable CO2 concentrations in Baltic
aggregates (Figs. 3–5; Table 5), may make Baltic cyanobacteria
particularly efficient in harvesting energy savings under ocean
acidification. However, the associated changes in pH have var-
ious additional effects on the physiology of N2 fixers.

Recent studies on ocean acidification responses of
Trichodesmium highlighted the fine balance between the bene-
fit of elevated pCO2 for carbon uptake on the one hand, and
the inhibition of nitrogenase by low pH, which induced
increased energy investment into nitrogenase synthesis, on
the other hand (Shi et al. 2012; Luo et al. 2019).

In aggregates, such inhibitory effects might be expected
especially at night when pH levels are lower than in the bulk
due to respiration (Figs. 2, 4; Table 3). While nitrogenase
activity is low at this time, as indicated by low nighttime N2

Table 5. Overview of CCM requirements for three representative aggregates (cf. Fig. 3) under different carbonate chemistry scenarios
(cf. Fig. 5). The accumulation factor was calculated assuming a CO2 concentration in the vicinity of RubisCO of 1000 μmol L�1, follow-
ing previous estimations based on the KM of RubisCO (Badger et al. 1998) and cellular carbon affinity (Eichner et al. 2015). The maxi-
mum possible CO2 contribution is calculated as the ratio of CO2 uptake to total inorganic carbon uptake yielding a CO2

concentration < 0.5 μmol L�1 in the center (calculation in steps of 0.05). PQ 0.8 for Dolichospermum and Trichodesmium, 1.7 for Nod-
ularia. DIC, dissolved inorganic carbon.

Dolichospermum D2 Nodularia N2 Trichodesmium T1

Baltic Pacific Baltic Pacific

Present Future Present Future Present Present

[CO2] in center at 20% CO2 uptake μmol L�1 3.5 11.0 9.3 21.4 <0 5.7

Accumulation factor 286 91 108 47 — 175

Max. possible CO2 contrib. CO2:DIC 0.45 0.95 1 1 0.1 0.75

[CO2] in center at max. CO2 contrib. μmol L�1 <0.5 <0.5 6.2 18.8 <0.5 <0.5
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fixation rates observed in both Nodularia (Ploug et al. 2011)
and Trichodesmium (Eichner et al. 2014a), the synthesis of
nitrogenase may be sensitive to nighttime pH as this is when
the bulk of daily nitrogenase de novo synthesis occurs in
Trichodesmium (Capone et al. 1990). In contrast, during day-
time, when nitrogenase is active in both Nodularia and
Trichodesmium, pH levels in the center of the aggregate under
ocean acidification are similar to those in the bulk under pre-
sent-day conditions (Fig. 5), suggesting that aggregates may
provide a “pH refugium” for nitrogenase under ocean acidifica-
tion. In line with this, in the field-collected Trichodesmium col-
onies modeled in this study, N2 fixation was elevated upon
treatment with high pCO2 levels during daytime (Eichner
et al. 2017).

Overall, aggregate formation thus leads to milder acidifica-
tion during daytime but more severe acidification at nighttime
and the net effect over the diel cycle depends on the fine bal-
ance of the various positive and negative effects of these
trends. With the lower buffer capacity of Baltic compared to
Pacific seawater (Figs. 3, 5), “critical boundaries” in pH with
respect to cell physiology might be reached earlier in Baltic
aggregates than in Trichodesmium colonies. In line with this, a
previous literature review suggested that Baltic cyanobacteria
were more prone than Trichodesmium to show negative
responses in growth, particulate organic carbon, and nitrogen
production rates as well as N2 fixation to ocean acidification
(Eichner et al. 2014b). In this study, the lack of pCO2

responses in photosynthesis on acclimatization time scale sug-
gests that the various physiological effects associated with ele-
vated pCO2 might compensate each other, similar to findings
in previous field studies on Trichodesmium (Böttjer et al. 2014;
Eichner et al. 2017).

Conclusions
Combining microsensor measurements and model calcula-

tions, we were able to quantitatively describe the gradients in
O2, pH, and the individual carbon species within
cyanobacterial aggregates. The magnitude of the deviations in
CO2 and pH from bulk conditions induced by photosynthesis
and respiration depends on the composition of the seawater;
hence, aggregate-forming cyanobacteria in the Baltic Sea (Nod-
ularia and Dolichospermum) are subject to stronger deviations
in the microenvironment than Trichodesmium in the Pacific.
In large and productive aggregates of Nodularia and Doli-
chospermum, CO2 can be depleted to below 1 μmol L�1 even
when ≥ 80% of inorganic carbon supply is covered by HCO3

�,
requiring a large energy investment in the CCM.

Under ocean acidification, the decrease in buffer capacity
amplifies gradients in CO2 and pH especially in Baltic sea-
water, which was manifested in CO2 manipulation experi-
ments even when photosynthetic activity decreased in
response to elevated pCO2 levels. Relief of CO2 limitation
within aggregates under ocean acidification can lead to

significant energy savings for the CCM, while overall pH
effects depend on the balance between the benefits of high
daytime pH levels, possibly providing a refuge from ocean
acidification in the aggregate, and potential adverse effects
of low nighttime pH levels.
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