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SUMMARY iii

SUMMARY

Increasing atmospheric CO, concentrations have a strong impact on the marine carbonate
chemistry leading to a phenomenon called ocean acidification. Excess CO, dissolves in the surface
water of the ocean, thereby the seawater pCO, increases, whereas the [CO32'] and pH decrease.
Reduced CO;* concentrations may affect marine, especially calcifying, organisms such as benthic
foraminifera, in that their ability to form calcareous tests might be affected. In comparison to open
oceans, water pCO, levels are often not in equilibrium with the atmosphere in coastal regions,
which are characterized by high CO, variability during the seasonal cycle. This has also been
observed for the southwestern Baltic, an eutrophic marginal sea, where bacterial degradation of
large amounts of organic matter cause O, depletion and CO, enrichment in the bottom water.

In the frame of this thesis, the impact of elevated pCO,, temperature and salinity changes
on the survival and calcification ability of the benthic foraminiferal species Ammonia aomoriensis
was investigated in mid-term and long-term laboratory experiments. Under laboratory conditions,
foraminifera were either isolated from the sediment or remained in their natural microhabitat.
Further, the natural carbonate system variability and its impact on foraminiferal communities were
monitored in a one-year field study.

Specimens of Ammonia aomoriensis were isolated from their natural sediment. They
exhibited reduced survival and growth rates with increasing pCO, of up to 3130 patm under
laboratory conditions. At pCO, levels above 1800 patm, dissolution caused a decrease of test
diameter, and at the highest pCO,, only the inner organic lining remained. Testing the combined
effects of ocean acidification, temperature and salinity on living Ammonia aomoriensis, a significant
reduction of test diameter was observed at a pCO, >1200 patm (Qc,c<1). Tests were mainly
affected by undersaturation of calcite. This effect was partly compensated by a temperature rise,
which increased Q. and led to lower test degradation. In contrast, salinity did not have a
significant effect on test growth. These results revealed that Ammonia ammoriensis exhibited a
high sensitivity to elevated pCO, and accompanying calcium carbonate undersaturation when the
specimens were kept without their protective sedimentary habitat.

During the field survey, large seasonal fluctuations of pCO, from 465 up to 3429 patm were
encountered in the bottom water of Flensburg Fjord in the southwestern Baltic Sea. The pCO in
the sediment pore water reached even higher values ranging from 1244 to 3324 patm. However,
and as a consequence of higher alkalinity (A1), the calcium carbonate saturation state of the
sediment pore water remained slightly supersaturated with respect to calcite for most of the year.
Accordingly, during the monitoring period, no dynamic responses of foraminiferal population
density and diversity to elevated sediment pore water pCO, were recognized. Benthic foraminifera
may indeed cope with a high sediment pore water pCO, as long as the sediment pore water
remains calcite supersaturated. This evidence from the field study was also supported by the
results of a long-term laboratory experiment, in which a complete foraminiferal fauna in their natural
sediment was exposed to elevated pCO, levels. Similar to field observations, the sediment pore
water exhibited higher alkalinity and consequently higher saturation state of Q. in comparison to

the overlying seawater. Thereby the sediment chemistry created a microhabitat, which sustained
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the growth and development of the foraminiferal community even at highly elevated pCO,. The
dominant species Ammonia aomoriensis exhibited growth and several reproduction events during
the incubation time. Nevertheless, dissolution was observed on dead, empty tests of
Ammonia aomoriensis, whereas tests of the second-ranked species Elphidium incertum stayed
intact at high pCO, and Q.,.<1. This species-specific response could be due to differences in
elemental composition and ultrastructure of the test walls.

Benthic foraminifera in their natural, sedimentary habitat tolerate elevated pCO, under
laboratory conditions and the current high sedimentary pore water pCO,, which prevails in the
southwestern Baltic Sea. In this environment, organic-rich mud influences the carbonate chemistry,
and thereby provides a suitable habitat for benthic foraminifera. Consequently, the calcifying
Ammonia aomoriensis plays an important role in benthic carbonate production and accumulation in
this area. These results emphasize the importance of understanding the carbonate chemistry in the
natural environment of benthic foraminifera, which depends upon sediment composition and
remineralization processes.

It is expected that enhanced future CO, uptake in the water column will cause a further rise
of sedimentary pore water pCO; levels. As a consequence, undersaturation with respect to calcite
will occur more frequently even in the sediment. This will most probably affect the dominant species
Ammonia aomoriensis, which might induce changes in the benthic foraminiferal communities and

their carbonate production in the southwestern Baltic Sea.



ZUSAMMENFASSUNG v

ZUSAMENFASSUNG

Der Anstieg der atmospharischen CO,-Konzentration hat einen starken Einfluss auf das
Karbonatsystem der Ozeane und fiihrt zur sogenannten Ozeanversauerung. Dabei flihrt die CO,-
Aufnahme des Oberflachenwassers zu steigenden pCO, Werten und gleichzeitig zu einer
Abnahme der [CO32'] und des pH-Wertes im Wasser. Die verringerte Konzentration an CO,”-lonen
kann negative Auswirkungen auf die marine Fauna haben, wobei insbesondere kalzifizierende
Organismen, wie benthische Foraminiferen bei der Schalenbildung beeintrachtigt werden kénnten.
Allerdings sind, im Gegensatz zum offenen Ozean, die CO,-Konzentrationen in vielen kiistennahen
Meeresregionen, mitunter nicht im Gleichgewicht mit der Atmosphare. Diese Gebiete sind durch
saisonale CO,-Schwankungen und teilweise sehr hohe pCO, Werte im Meerwasser charakterisiert.
Dies trifft auch fiur das Untersuchungsgebiet der siid-westlichen Ostsee zu, wobei es sich hier um
ein eutrophes Randmeer mit hohem bakteriellen Abbau von organischem Material handelt,
welches zu einem starken O.-Verbrauch und COx-Anreicherung im Bodenwasser flihrt.

Im Rahmen dieser Arbeit wurden die Effekte erhéhter pCO,-Werte, Temperatur- und
Salinitatsschwankungen auf das Uberleben und die Kalzifizierung der benthischen Foraminifere
Ammonia aomoriensis in Experimenten mit mittlerer und langer Inkubationszeit untersucht. In
diesen wurden die Foraminiferen entweder aus dem Sediment isoliert oder in ihrem gewohnten
Mikrohabitat gehaltert. Weiterhin wurden die natirlichen Karbonatsystemvariabilititen und deren
Auswirkungen auf die Foraminiferen-Gemeinschaft in einer einjahrigen Feldstudie untersucht.

Im Experiment zeigte Ammonia aomoriensis, wenn sie aus dem natirlichen Sediment
isoliert wurde, eine deutliche Abnahme der Wachstum- und Uberlebensraten mit steigendem
pCO; bis 3130 patm. Ab einem pCO, von mehr als 1800 patm und gleichzeitiger Unterséttigung
von Kalzit fihrte die Auflésung der Schale zu einer deutlichen Abnahme des
Gehausedurchmessers. Unter sehr hohem pCO, blieb nur die innere organische Membran der
Gehause erhalten. Gleiche Ergebnisse wurden in einer weiteren Studie erzielt, in welcher die
kombinierten Effekte von Ozeanversauerung, Temperatur- und Salinitatsschwankungen auf die
gleiche Art untersucht wurden. Diese zeigt wiederum eine deutliche Reduktion des
Gehausedurchmessers bei einem pCO, >1200 patm (Qgait <1). Gleichzeitig fuhrte eine erhéhte
Temperatur zu einer Zunahme des Qa,it, welches die Schalenauflésung entsprechend verringerte.
Demgegenuber hatte die Salinitdt keinen nachweisbaren Einfluss auf das Wachstum. Diese
Ergebnisse verdeutlichen, dass wenn die Individuen aus ihrem Sedimenthabitat isoliert wurden,
Ammonia ammoriensis eine hohe Sensitivitat gegeniber erhohten pCO,-Werten zeigt,
insbesondere bei starker Untersattigung von Kalzit.

Wahrend der Feldstudie wurden hohe saisonale pCO,-Schwankungen von 465 bis
3429 patm im Bodenwasser der siid-westlichen Ostsee in der Flensburger Forde beobachtet. Der
pCO, im Sedimentporenwasser war im Mittel noch hdéher und variierte zwischen 1244 und
3324 patm. Jedoch fiihrten die hohen Alkalinitdten dazu, dass das Sedimentporenwasser fir die
meiste Zeit im Jahr leicht an Kalzit Ubersattigt war. Demzufolge waren die Auswirkungen des
erhohten pCO, im Sedimentporenwasser auf die Populationsdichten und Diversitat der

Foraminiferen-Gemeinschaft gering. Diese Erkenntnisse machen deutlich, dass benthische
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Foraminiferen mit einem erhdhten pCO, im Sedimenporenwasser gut zurechtkommen, solange
CaCO;-Ubersattigung besteht. Die Ergebnisse der Freilandstudie wurden durch ein
weiterfilhrendes Langzeit-Experiment bestatigt. In diesem wurde die Foraminiferen-Gemeinschaft
in ihrem natirlichen Sediment erhéhten pCO,-Bedingungen ausgesetzt. Wie bereits in der
Feldstudie beobachtet, wies das Porenwasser des Sedimentes hohere Alkalinititen und
dementsprechend hohere Qg..i-Werte im Vergleich zum darlber liegenden Bodenwasser auf.
Hierdurch schaffte die Porenwasserchemie ein Mikrohabitat, welches das Wachstum und die
Entwicklung der benthischen Foraminiferen-Gemeinschaft, auch bei stark erhéhtem pCO, fordert.
So zeigte die dominante Art Ammonia aomoriensis im Verlauf der Inkubationszeit ein ausgepragtes
Wachstum und mehrere Reproduktionsereignisse. Lediglich bei sehr hohem pCO,,
beziehungsweise Qgait <1 wurde Schalenldésung an leeren Gehausen beobachtet. Gehause von
Elphidium incertum blieben jedoch unbeeinflusst. Diese art-spezifische Reaktion kdnnte in einem
unterschiedlichen Elementaufbau und einer verschiedenen Ultrastruktur der Wandung begriindet
sein.

In ihrem natirlichen Habitat tolerierten benthische Foraminiferen erhdéhte pCO,-Werte,
sowohl unter simulierten Laborbedingungen, als auch unter erhéhten Sedimentporenwasser pCO,
in der stid-westlichen Ostsee. In dieser Umgebung beeinflusst das organikreiche Bodensediment
die Karbonatchemie und schafft dabei ein geeignetes Habitat fiir benthische Foraminiferen. Unter
diesen Bedingungen nimmt die kalzifizierende Ammonia aomoriensis eine bedeutende Rolle in der
Karbonatproduktion ein. Die Ergebnisse unterstreichen die Notwendigkeit des Verstandnisses der
Karbonatchemie in der natlrlichen Umgebung der Foraminiferen, und welche
Sedimentzusammensetzung und Remineralisierungsprozesse ihr zugrunde liegen.

Bedingt durch die zuklnftig steigende CO,-Aufnahme der Ozeane werden die pCO,-Werte
im Sedimentporenwasser weiterhin ansteigen. Als Folge davon kdnnte die Kalzit-Untersattigung im
Sedimentporenwasser zunehmen, welche zu einer drastischen Verschlechterung der
Lebensbedingungen fir die derzeit dominante Art Ammonia aomoriensis fiihren dirfte. Dies kénnte
wiederum zu tiefgreifenden Veranderungen innerhalb der benthischen Foraminiferen-Fauna in der
studwestlichen Ostsee fuhren.
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l. Introduction

.1 Motivation

Benthic foraminifera are the most diverse group of hard-shelled protozoa in marine
environments. Owing to their short life cycle and their high abundances, they are able to respond
quickly to environmental changes and are a valuable tool for climate change research. Their tests
are readily preserved in the sediment and provide a record of environmental variability through
time. For this reason, benthic foraminifera are of high importance in paleooceanographic
reconstructions.

First observations of benthic foraminifera from the western Baltic Sea were documented by
Rhumbler (1935). The impact of human activities (e.g. eutrophication and heavy metal emissions)
and environmental variability (e.g. temperature, salinity, oxygen, and food supply) on benthic
foraminifera were reported in previous studies from the Baltic Sea. These investigations focused on
taxonomy and ecology (van Voorthuysen, 1960, Lutze, 1965, Haake, 1967), distribution pattern
(Rottgardt 1952, Brodniewicz, 1965, Lutze, 1974, Hermelin, 1987), carbonate production and
preservation (Wefer and Lutze, 1978), microhabitat preferences (Linke and Lutze, 1993), faunal
dynamics (Lutze, 1968a, b, Wefer, 1976, Frenzel et al., 2009), test morphology (Grobe and
Futterer, 1981, Polovodova and Schdnfeld, 2008), and faunal composition (Schénfeld and
Numberger, 2007a, b, Nikulina et al., 2008, Polovodova et al., 2009).

Several attempts were made to culture living specimens in order to study the
environmental tolerances, life cycle and reproduction of marginal marine benthic foraminifera
(Bradshaw, 1957, 1961). These studies did not take the impact of seawater carbonate chemistry
into account as possible important factor which regulates the foraminiferal diversity and
abundance.

Today, one of the most important human impacts is the massive release of carbon dioxide
from fossil fuel combustion which causes an acidification of the oceans (Zeebe and Wolf-Gladrow,
2001, Feely et al., 2004). In response to ocean acidification, the calcium carbonate saturation state
for calcite will be lowered (Feely et al., 2004, Caldeira and Wickett, 2005). The reduced saturation
state and carbonate ion concentrations will make it more difficult for calcifying benthic foraminifera
to build their tests (Bradshaw, 1968, Erez, 2003). Nevertheless, calcareous benthic foraminifera
are common in the southwestern Baltic Sea, where permanently low seawater carbonate
concentrations and seasonal undersaturation prevail (Thomsen et al., 2010). Some tests of the
dominant species Ammonia beccarii (Ammonia aomoriensis after Schweizer et al., 2010) exhibited
dissolution features in Flensburg Fjord (Polovodova and Schonfeld, 2008).

Natural CO.-rich habitats, such as the southwestern Baltic Sea, represent a suitable area
to investigate the dynamic response of the foraminiferal fauna to elevated pCO,. The results can
serve as a valuable example for possible effects on calcifying benthic foraminifera and their faunal

associations due to climate change.
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[.2 Ocean acidification

The oceans cover approximately 70 % of the earth’s surface and play an important role in
global climate cycles. Ocean surfaces are in permanent exchange with the atmosphere and
equilibrate with atmospheric carbon dioxide (CO,), which has a strong impact on the carbonate
chemistry.

The combustion of fossil fuels, deforestation and wetland drainage released about
300 Gt carbon and has led to an increase of atmospheric carbon dioxide (CO,) from 285 ppm since
the beginning of the Industrial Revolution to currently 397 ppm (Fig. 1.3, A, Petit et al., 1999,
Archer, 2005, Luthi et al., 2008, http://co2now.org, data from Mauna Loa Observatory: NOAA-
ESRL). Similarly the CO, partial pressure (pCO,) increased in the oceans. About 50 % of the
anthropogenic CO, release has already been taken up by the world oceans (Sabine et al., 2004).
The hydration of the atmospheric CO, molecule with the water molecule H,O forms carbonic acid
(H,CO3) (Fig. 1.1). Carbonic acid dissociates into bicarbonate (HCO3) and releases a H" proton.
This proton may react further with the seawater carbonate (C032’) and thereby forms bicarbonate
(Fig. 1.1, equation 1). The conversion can be described by two dissociation constants K; and K.
The generation of protons during the dissociation steps increases seawater acidity and causes a
decrease of the oceanic pH (Cao and Caldeira, 2008, Orr et al., 2009). The current global mean pH
is 8.1, which is 0.1 pH units below the pre-industrial value of the open surface ocean (Sabine et al.,
2004).

[CO,] Atmosphere

[CO,] + [H,01 S [H,€0, 1 & [H*] + [HCO3] S 2[H*] + [C0Z7]

Fig. 1.1: CO, dissociation in seawater.

The pH describes the concentration of protons and thus the acidity of seawater
(equation 2). It can be measured on different scales: National Bureau of Standards (pHygs),
seawater (pHsws), free (pHg) and total (pHy). Values on pHygs are about 0.15 units higher, while

values on the SWS scale are about 0.01 units lower than values on pHr.
pH = —log 10[H™] (2)

The decline in oceanic pH affects the distribution of all three carbonate system species:
CO,, HCO5 and CO5%, which are in equilibrium with each other (Fig. 1.2). All three components are
the sum of dissolved inorganic carbon (Ct, equation 3). At current pCO, levels of approximately
380 patm, [CO,] contributes about 1 %, [HCO3] 91 % and [0032'] 8 % to Cr,

Cr = [CO,]+[HCO3] + [CO57] (3)
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Fig. 1.2: Bjerrum plot depicts the pH dependency of concentrations of the three carbonate system species CO; (blue
line), HCOs (green line) and Ccos* (red line). The orange dashed line corresponds to present day mean ocean
surface pH (modified after Zeebe and Wolf-Gladrow, 2001).

The seawater pH is buffered by the total alkalinity (At), which is the sum of weak bases
and balances the charge differences between anions and cations (= [HCO;7] + 2[0032'] + [B(OH)4]
+ [OH] + [HPO5”] + 2[PO,*] + [SIO(OH)5] + [NH3] + [HST] + ... - [H'] — [HSO,] — [HF] — [HsPO4] ...)
(Dickson et al. 1981). The major component of this buffering system is the carbonate alkalinity (Ac),
which is composed of [HCO3] and [CO3°] (equation 4).

Ac = [HCO3]+ 2[ CO%7] (4)

Changes in the carbonate system species influence the calcium carbonate saturation state
Q, which is the product of [Ca®'] and [CO4”] divided by a stoichiometric solubility coefficient (Ksp),
which is specific for each of the two major carbonate polymorphs, calcite or aragonite (equation 5)
(Feely et al., 2004). At current CO, concentrations, oceans are supersaturated with respect to both
polymorphs (Fig. 1.3, D). The carbonate polymorph calcite is more stable and ocean saturation
state is higher compared to aragonite (Cao and Caldeira, 2008).

_ [ca®*]x[co7]

Q ()

Ksp

The International Panel on Climate Change (IPCC) developed future scenarios for the
amount of CO, emitted by human activities depending on social and technological development.
Until the year 2100, the atmospheric CO, will increase to concentrations from 650 ppm up to
970 ppm (Fig. 1.3, A, IPCC, 2007). This increase of CO, concentrations will in turn result in a pH
decrease of 0.46 units by 2100 (Fig. 1.3, A, Caldeira and Wickett 2005). In a future, more acidified
ocean, the amount of [COz*] will strongly decline, whereas [CO,] and [HCO3] will increase
(Fig. 1.3, B and C).
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The shift in carbonate chemistry resulting in lowered [CO;*] will decrease the calcium
carbonate saturation state Q (Fig. I. 3, D). The CaCO; saturation state also depends on
temperature. Therefore, polar regions are characterized by lower saturation states and will be

affected first by seawater undersaturation (Cao and Caldeira, 2008, Yamamoto-Kawai et al., 2009).
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Fig. 1.3: Development of the carbonate system parameters in warm (red lines) and cold (blue lines) waters of
surface oceans from 1900 at the beginning of Industrial Revolution until future simulated scenarios in the year 2100
according to Riebesell et al. (2009), modified after Kortzinger (2010).
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1.3 Carbonate chemistry in the southwestern Baltic Sea

The Baltic Sea is a semi-enclosed marginal sea with a surface area of 415.000 km?
(HELCOM, 2003). The shallow water habitat has a mean depth of 60 m, with three exceptionally
deep basins: Aland (290 m), Landsort (459 m) and Gotland Deep (239 m). Water exchange with
the North Sea takes place through the Danish Straits (She et al., 2006). Through the high fresh
water input from the surrounding hinterland and net precipitation, the surface water salinity declines
from the west (Kattegat) to the north-east (Gulf of Finland and Gulf of Bothnia) from 20 to 2
(Rohde, 1998). The salinity difference promotes the formation of a halocline separating the low
salinity surface water from high salinity bottom water. The salinity in the southwestern Baltic Sea,
ranges between 10 and 20, with mean values of 15 in the surface and 18 in the bottom water.

The carbonate chemistry in coastal waters, such as Kiel and Flensburg Fjord, differs from
the open ocean (Borges et al., 2006, Hofmann et al., 2011 ). In contrast to the relatively stable
open ocean conditions, the near coastal pH is highly variable as a consequence of biogeochemical
processes (Fig. |.4, Prytherch, 1929, Hinga, 2002, Feely et al., 2008, 2010, Provoost et al., 2010,
Thomsen et al., 2010). Seasonal stratification and high productivity, enhanced by eutrophication,
and the following degradation of organic matter effects a seasonal depletion of oxygen
concentrations to 100 pumol kg'1 or even less in the bottom water (Babenerd, 1991,
Hansen et al., 1999, HELCOM 2003, Conley et al., 2007). Due to the release of metabolic CO,,
which is coupled to the consumption of dissolved oxygen, hypoxic water masses are always
characterized by elevated CO, concentrations. The study of Thomsen et al. (2010) showed strong
seasonal fluctuations of surface pCO,, and respectively pH, in Kiel Fjord (Fig. 1.4). A pronounced
stratification and occasional upwelling of CO,-rich bottom waters cause pCO, values up to
2300 patm. Thus, areas which are naturally acidified at a large scale could be a more suitable

option to examine possible future community changes in an acidified ocean (Thomsen et al., 2010).

Open ocean

Prytherch, 1929

Hinga, 2002

ely et al., 2008

Provoost et al., 2010

Thomsen et al., 2010

Feely et al., 2010

70 72 74 76 78 80 82 84 86 88 90
pH

Fig. I.4: Previous field studies of natural pH fluctuations reported from coastal habitats worldwide (green horizontal
areas). Vertical orange area represents open ocean pH fluctuations from Bermuda Atlantic and Hawaii Ocean Time
Series (Bates and Peters, 2007, Dore et al., 2009), modified after Pansch (2012).
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Furthermore, seawater alkalinity is related to salinity. Therefore, a reduced salinity in the
southwestern Baltic Sea causes a relatively low alkalinity (1900-2100 pmol kg™'). Consequently, the
buffer capacity is reduced compared to the open oceans (2300-2400 pmol kg'1,
Beldowski et al., 2010). The input of reactive nitrogen and sulphur from fossil fuel combustion and
agriculture and of acidic riverine water (Salisbury et al., 2008) may also reduce the coastal water
alkalinity. Due to synergistic effects of acidification caused by coastal hypoxia and future
atmospheric CO, increase, the surface water pCO, may seasonally reach pCO, values up to
4000 patm (Melzner et al., 2012). These high values may prevail during even longer periods in the
benthic environments. Therefore, the impact of ocean acidification may have stronger effects on

benthic organisms of the Baltic Sea as compared to pelagic organisms of the open oceans.

1.4 Impacts of ocean acidification on marine organisms

It is expected that ocean acidification affects marine organisms and especially biogenic
calcification (Gattuso and Hansson, 2011). Coccolithophorids (Riebesell et al., 2000) and corals
(Gattuso et al, 1998, Langdon et al., 2000, Fine and Tschernov, 2007, Hoegh-
Guldberg et al., 2007, Doney et al., 2009) exhibited reduced calcification rates under an increase
of pCO,. The same results were reported for other marine taxa such as echinoderms
(Shirayama and Thornton, 2005), pteropods (Comeau et al., 2009, Lischka et al., 2011), bivalves
(Ries et al, 2009, Thomsen and Melzner, 2010) and coraline red algae
(Budenbender et al., 2011).

Some studies demonstrated that the sensitivity differs between different life stages,
whereby larval stages are more affected by elevated pCO, than juvenile and adult stages
(Kurihara et al., 2008a). In most species, larval stages showed deformation and reduced survival,
growth and calcification rates (Kurihara et al., 2007, 2008a,b, Gazeau et al.,, 2010, 2011,
Miller et al., 2010, Talmage and Gobler et al., 2010, Hu et al., 2011, Stumpp et al., 2011). On the
other hand, an increase of calcification has been observed for a sea star larva
(Dupont et al., 2010). Even within the same oyster species, populations may exhibit different
sensitivities (Parker et al., 2010, 2011).

However, most of these studies were performed on short time scales. Long-term
acclimation of the cold-water coral Lophelia pertusa (Form and Riebesell, 2012) revealed a higher
tolerance to acidification. Furthermore, the exposure of the coccolithophore Emiliania huxley over
multiple generations caused a partial recovery of calcification rates and documented a high
adaptation potential to ocean acidification (Lohbeck et al., 2012).

Most of the ocean acidification studies were performed under laboratory conditions and
only for short time periods. Consequently the explanatory power of these experiments is limited.
Naturally CO,-rich habitats such as vents and coastal upwelling zones provide the possibility to
overcome these limitations. Volcanic CO, vents cause a natural, local decline of pH
(Tunnicliffe et al., 2009) and affect the benthic communities. They exhibited a decrease in
abundance and species richness at low pH (Hall-Spencer et al., 2008, Cigliano et al., 2010,

Dias et al., 2010, Fabricius et al., 2011). Similarly, coastal upwelling of CO, rich waters causes a
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decrease of calcifying benthic communities under reduced pH, whereas non calcifying
photosynthetic organisms such as seagrass and algae increased in abundance and growth
(Feely et al., 2008, Hall-Spencer et al., 2008, Wootton et al., 2008, Fabricius et al., 2011). In
contrast, Thomsen et al. (2010) reported a dominance of calcifying invertebrates such as the blue
mussel Mytilus edulis in a seasonally pCO, enriched habitat with pCO, of approximately
1000 patm. Consequently, naturally acidified habitats can serve as valuable examples to study
future ocean acidification effects or non-effects on marine organisms. Previous results indicate that
the response of elevated pCO, seem to be species- and life stage-specific. Acclimation and

adaptation are also important issues to be considered for future predictions.

1.5 Benthic foraminifera

Foraminifera are amoeboid protists. To date, 2185 extant foraminiferal species were
recorded (Murray, 2007). Only 45 of these species are planktonic, whereas the rest pursue a
benthic lifestyle. They are covered by a test which consists either of calcite (rotaliids and milioliids),
agglutinated sediment particles (textulariids) or organic material (allogromiids). On the basis of test
morphology, 15 extant foraminiferal orders are recognized of which 7 are calcitic (Hansen, 1999,
Sen Gupta, 2003). A dynamic and anastomosing net of fine strands of cytoplasm form the
pseudopodia around the test. Reproduction in benthic foraminifera typically produces five to twenty,
sometimes hundreds, of small offspring via either sexual or asexual reproduction (Lister, 1895,
Myers, 1935a,b, 1936, Bradshaw, 1968, Goldstein, 1999).

Benthic foraminifera are highly abundant and diverse in all marine environments. They are
able to quickly colonize new habitats and to respond to changing environmental conditions. Either
they could live epifaunally on the sediment surface or elevated substrates, or infaunally inside the
sediments (Lutze and Thiel, 1989, Corliss, 1985, Schonfeld, 2002). Some species are adapted to
extreme environmental conditions, from salt marsh meadows (Hayward et al., 2011) up to deep
sea trenches (Gooday et al. 2008, Alve et al., 2011).

Calcifying benthic and planktic foraminifera are one of the most important groups of calcite
producers. They precipitate 1.4 billion tons of calcite per year, which accounts for 25 % of the total
global calcite production (Langer, 2008). Calculations from data presented by
Wefer and Lutze (1978) and Langer et al. (1997) revealed a benthic foraminiferal carbonate
production of 0.04 Gt yr‘1 in coral reefs and shallow water carbonate environments, and 0.03 Gt yr'1
on noncarbonated shelves. In total, we estimate a neritic foraminiferal carbonate production of
0.1 Gtyr",

An increasing number of studies investigated the effects of elevated pCO, on benthic
foraminifera (Table 1.1). Most experiments were performed on single specimens under simulated
elevated pCO, conditions. Determined parameters were growth or calcification, shell weight, size,
thickness, fithess and survival of the individuals. The response was species-specific and varied
from no pCO,-effect (Hikami et al., 2011, Vogel and Uthicke, 2012, McIntyre-Wressnig, 2013) to a
decrease (Le Cadre et al., 2003, Russell et al., 2004, Kuroyanagi et al., 2009, Allison et al., 2010,
Dissard et al., 2010, Fujita et al., 2011, Hikami et al, 2011, Sinutok et al., 2011,
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Uthicke and Fabricius, 2012) or calcification  under
(Fujita et al., 2011, Hikami et al., 2011, Vogel and Uthicke, 2012). Only two studies described
community shifts of benthic foraminiferal assemblages in relation to different pH gradients

(Cigliano et al., 2010, Dias et al., 2010).

even increased elevated pCO,

Table 1.1: Reference overview of ocean acidification studies and the response of elevated pCO,/low pH on benthic

foraminifera.

Reference Species Response parameter Response to elevated pCO./low pH
Le Cadre et al., 2003 Ammonia beccarii calcification decrease
Russell et al., 2004 Marginopora kudakajimensis  shell weight decrease
Kuroyanagi et al., 2009 Marginopora kudakajimensis  size, shell weight, growth  decrease
Allison et al., 2010 Elphidium williamsoni shell thickness decrease
Cigliano et al., 2010 foraminiferal assemblage community shift changes
Dias et al., 2010 foraminiferal assemblage community shift changes
Dissard et al., 2010 Ammonia tepida weight decrease
Fujita et al., 2011 Baculogypsina sphaerulata shell weight initial increase followed by decrease
Calcarina gaudichaudii, shell weight initial increase followed by decrease
Amphisorus hemprichii shell weight decrease
Hikami et al., 2011 Calcarina gaudichaudii calcification increase
Amphisorus kudakajimensis calcification decrease
Amphisorus hemprichii calcification no effect
Sinutok et al., 2011 Marginopora vertebralis calcification decrease
Uthicke and Fabricius, 2012 ~ Marginopora vertebralis calcification decrease
Vogel and Uthicke, 2012 Amphistegina radiata growth no effect
Heterostegina depressa growth no effect
Marginopora vertebralis growth increase
Mclntyre-Wressnig, 2013 Amphistegina gibbosa growth, fitness, survival no effect

|.6 Calcification and chamber formation in foraminifera

Foraminifera grow by adding new chambers. They precipitate the calcium carbonate for
their test formation by vacuolization of seawater (Erez, 2003). Consequently, the calcification and
chamber formation depends on the carbonate chemistry of the ambient seawater. During
calcification of a newly formed chamber, a layer of rhomboedric crystallites develops as the first
component of the chamber wall (Angell, 1979). During successive chamber formation, the
organisms cover the pre-existing shell with a new layer of calcite. Therefore, young chambers have
thinner walls and a fewer number of calcite lamella in comparison to old chambers (Erez, 2003).

According to different calcification mechanisms and their test structure, calcifying
foraminifera are divided into two groups: miliolid and hyaline species (Fig. .5 and I.6,
de Nooijer et al., 2009). Miliolids (Fig. 1.5) precipitate calcite as 2-3 ym long needles within
cytoplasmic vesicles (Berthold, 1976, Hemleben et al., 1986). These needles are densely packed
in random orientation and give the test an opaque appearance which provides the name of this
taxon: porcelaneous. Before a new chamber is formed, the needles accumulate in the cell. After a

continuous transport of needles to the exterior, the needles are incorporated within an organic
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matrix and form the outer layer of the test. The organic template allows a parquetry-like orientation

of secondary calcite crystals (Haake, 1971).

Miliolid calcification

Internal pool
= H* "
2+ Organic templates
D > Ca Release of g p
Clai calcite needles
Calcification

Organic matrix

¢

'Y
H* "“

CO,-diffusion

Test wall

Fig. 1.5: Model of miliolid calcification (modified after de Nooijer et al., 2009).

A similar calcification process is reported for some agglutinated foraminifera
(Bender, 1992). These specimens form a protective cyst using detritus particles in which the
chamber formation takes place. Particles are covered by an organic envelope and subsequently
cemented. Finally, a biogenic calcite is deposited in voids between the grains which form a pore
system of cylindrical cavities. After 24 hours, the chamber formation is completed
(Bender and Hemleben, 1988, Bender, 1992).

Hyaline species include the Rotaliids, Buliminids and all planktonic species (Fig. 1.6). They
store the calcium carbonate used for calcification in separate internal pools
(Anderson and Faber, 1884, ter Kuile and Erez, 1987, 1988, Erez, 2003, Toyofuku et al., 2008).

Hyaline calcification
CO,-diffusion

Internal pool .
H
Ij \HCO'
N LA
HCO B
° COZ+H* G i

Internal pool

ca?t | = | ca® /

Organic templates

Test wall

Exocytosis

Calcification

Fig. 1.6: Model of hyaline calcification (modified after de Nooijer et al., 2009).

These pools are used for new chamber formation. A model proposed by Erez (2003)
visualizes the vacuolization process in perforate foraminifera (Fig. 1.7). Chamber formation starts
with the production of a primary organic sheet (POS) in the shape of a new chamber
(Hemleben et al., 1977, Angell, 1979, Erez, 2003). The primary organic sheet consists of
cytoplasm, vacuole, pseudopod and optional symbionts. The sheet is exposed to the seawater
(Fig. 1.7, A).

Subsequently, seawater is taken up by the organism by formation of a vacuole (Fig. 1.7, B).

The self-vacuolization separates the test from the surrounding environment (Fig. 1.7, C). The
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formation of a new chamber takes place in the delimited space with a clear separation of intra- and
extralocullar cytoplasm (Fig. 1.7, D). Finally, the process of the secondary lamination involves a
second vacuolization of seawater (Fig. 1.7, E). Seawater CO, diffuses into the delimited space in
the vacuols, across the membrane, and causes an internal storage of calcium carbonate
(Bentov et al., 2009).

2}

Di——=as
R

« X

Fig. I.7: Schematic presentation of pseudopodia and vacuolization processes in perforate foraminifera
(after Erez, 2003).

The seawater contains a Mg-content of approximately 50 mmol 1", ie. a Mg/Ca ratio of
5.14 mmol mol” (Broecker and Peng, 1982). The shell carbonate of miliolid species contains
relatively high Mg/Ca ratios from 100 to 150 mmol mol™ (Toyofuku et al. 2000). But in general the
foraminifera produce calcite with a low Mg content. Accordingly, most of the hyaline species have
much lower Mg/Ca ratios between 1 and 20 mmol mol” (Raja et al., 2005, Toyofuku and
Kitazato, 2005, Segev and Erez, 2006). Ratios below 5 mmol mol™ indicate an active removal of
Mg from the vacuolized seawater. This Mg-reduction takes place in the cytoplasm.

Foraminifera are able to elevate the pH at the site of calcification by approximately 1 unit
above the current seawater pH of 8.1 (de Nooijer et al., 2009, Bentov et al., 2009). The elevation
causes a shift in the carbonate chemistry from the predominant HCOj3 (at a pH of 8.1) to [CO32'],
making up 90 % of the DIC at pH of 9.1 (Fig. .2). The high pH increases the calcite saturation state
inside the vesicles and thereby facilitates calcite precipitation (Lopez et al., 2009). Consequently, in
an acidified ocean, the organisms may need more energy to produce the same amount of calcite,
which in turn will reduce the gross calcite production by calcifying foraminifera (de Nooijer et al.,
2009).

1.7 Research questions and outline

The aim of this study was to understand the sensitivity of benthic foraminifera to seawater
acidification in their natural environment and its consequences. The conducted studies focused on
the individual response of Ammonia aomoriensis, a dominant species in the Baltic Sea. Growth
rates, mortality, test dissolution, survival, size class distribution, reproduction, test weight, test

structure and elemental distribution, and carbonate production were investigated.
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The following objectives and research questions (RQ) were addressed in publications and

manuscripts, chapters I-IV.

RQ I: Is Ammonia aomoriensis able to maintain its calcification rates under ocean acidification?

RQ II: What carbonate chemistry conditions prevail in the natural habitat of benthic foraminifera in

the southwestern Baltic Sea?

RQ IlI: Do seasonal variations in water chemistry influence the foraminiferal population dynamics

and species composition?

RQ IV: Which carbonate chemistry parameter influences the calcification process in foraminifera?

RQ V: What are the long-term impacts of future ocean acidification on benthic foraminiferal

assemblages in their natural environment?

RQ VI: How does Ammonia aomoriensis respond to combined effects of ocean acidification,

temperature and salinity changes?

Outline of the publications and manuscripts:

Chapter I: Reports the individual response of growth, survival and test dissolution of the living
benthic foraminifer Ammonia aomoriensis from Flensburg Fjord under different pCO, levels during

a six weeks exposure period.

Chapter II: Documents the seasonal changes of carbonate chemistry and the ensuing response of
foraminiferal population dynamics, variations of species composition, and diversity during a one
year cycle with bi-monthly resolution in Flensburg Fjord. The main focus was on two calcifying

species, Ammonia aomoriensis and Elphidium incertum.

Chapter lll: We simulated the combined effects of different pCO,, temperature and salinity levels
on foraminiferal calcification in order to quantitatively assess the impact on test preservation,

diameter and degradation of Ammonia aomoriensis during six weeks of incubation.

Chapter IV: This study represents the first long-term culturing experiment, which was performed
with shallow-water foraminiferal assemblages in their natural sediment habitat from Kiel Fjord. The
results revealed the impact of sediment pore water chemistry on the composition and population
density of benthic foraminifera during a six month incubation. Size class distribution, reproduction,
calcification rates, test structure and elemental distribution, and carbonate production were

determined for the dominating species Ammonia amoriensis.
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Il. Experimental design

Foraminiferal samples for the experiments and during the monitoring were taken with a
Mini Corer, deployed from R/V Littorina or R/V Polarfuchs (Fig. II.1). The samples were collected in
Flensburg Fjord (53°41°-55°00'N, 9°24’-10°10'E) and Kiel Fjord (54°19"-54°30°N, 10°06"—
10°22°E), southwestern Baltic Sea (Fig. 11.1). | sampled the 0-1 cm interval of surface sediments for

both experimental and field studies.

Mini Corer RNV Littorina SW Baltic Sea

DENMARK

Flensburg Fjord

GERMANY }

Kiel Fjord

Fig. Il.1: Locations of study areas (black framed): Flensburg Fjord and Kiel Fjord in the southwestern Baltic Sea.
Mini Corer samples were taken with the R/V Littorina in Flensburg Fjord and R/V Polarfuchs in Kiel Fjord.

Four different approaches were chosen to study the effects of elevated pCO, on benthic
foraminifera in the southwestern Baltic Sea. Three laboratory experiments (Fig. 11.2) and one field
study were performed:

Q) a 6-week pilot culturing study with Ammonia aomoriensis under 5 different pCO,-levels.

(2) a l-year field study with bi-monthly resolution to monitor the carbonate system variability
and the response of benthic foraminiferal communities in their natural habitat at Flensburg
Fjord.

3) a 6-week multiple stressors experiment with Ammonia aomoriensis, which simulated the

combined effects of 4 different pCO,-levels and 3 different temperatures and salinities.

4) a 6 month long-term culturing experiment using a foraminiferal assemblage in their

natural sediment under 4 different pCO,-levels.

The cultivation of the benthic foraminifera was performed in a flow-through system with
filtered and UV-sterilized seawater (Fig. 11.2). The assembly was slightly modified in the different

experiments. In experiment (1) and (3), a small amount of carbonate-free quartz sand was
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dispersed in pits of the culture vessels. The sand provides shelter for the cultured species
Ammonia aomoriensis similar to their natural habitat, without affecting the carbonate chemistry. In
experiment (4), benthic foraminifera were cultivated in their natural organic-rich sediment from Kiel
Fjord. A detailed description of the experimental set up, material and methods for the individual

experiments are described in the respective chapters.

Pilot culturing study (1): Multiple stressors experiment (3):  Long-term experiment (4):
Species: Ammonia aomoriensis Ammonia aomoriensis foraminiferal assemblage study
Sampling location:  Flensburg Fjord Kiel Fjord Kiel Fjord
Cultivation sediment: carbonate-free quartz sand  carbonate-free quartz sand natural organic-rich mud
Duration: 6 weeks 6 weeks 6 month
pCO,-level (uatm): 618, 751, 929, 1829, 3130 566, 1195, 2180, 3843 430, 907, 1865, 3247
Temperature (°C): 12 8,1318 17
Salinity: 18 15, 20, 25 16

Flow-through system:

CO,Valve —f 3 )

Gas-washing bottle

Water tank

CO-Inflow ——u o COy-atmosphere
0 T )

' Optional heater
Socket —=E = ,

Water inflow of
COq-enriched
seawater

eppp—p———— npp——

Distribution device

LED-lamp

Ductwork

Ultravioletlamp/sterilizer

Water flow

Culture vessel
Grid

1

- Water level
: Stand
i

(_____4444________.________

. I
Optional heater ¥ ¥ ¥ 4 \% vV Go=-1 -

Water bath

Wateroutflow —s===qsf---------ap---oo o —— Pump
Optional heater — 1Y ==--- > ---- 2\ - > - > Catchment tank

Fig. 11.2: Principle design of the experimental flow-through system.

The experimental set up was implemented in temperature-constant climate rooms at
GEOMAR (Fig. 11.2). Water tanks, culture vessels, catchment tank and supplementary devices
were placed on separate shelves of an iron storage rack (Fig. 11.3, 1).

Gas-washing bottles were used to humidify the compressed air in order to avoid
evaporation by seawater aeration (Fig. 1.3, 2). Gas-flow of compressed control and CO, enriched

air were regulated by a CO,-valve directly installed in the climate room (Fig. 1.3, 3). The water
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flowed through tubes directly (Fig. 1.3, 4) from the jerrycans into the culture vessels. The flow-
through was regulated by a tap on each tube (Fig. 1.3, 5).

In experiment (1) and (3), living foraminifera were picked with a fine brush under a
dissecting microscope (Fig. 1.3, 6) and kept individually in recruitments pits of the culture vessels
(Fig. 1.3, 7). Different culture vessels were used for the experiment (4) with foraminifera in their
natural sedimentary habitat (Fig. 11.3, 5).

<L)

P

T

Fig. I1.3: Experimental design: 1) experimental set up, 2) gas-washing bottle, 3) valves of the CO, gas-flow
regulation unit, 4) water tubes, 5) taps regulated water flow, 6) picking of foraminifera and 7) culture vessels with
recruitment pits .
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Biometry and dissolution features of the benthic foraminifer Ammonia aomoriensis
at high pCO;
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Abstract

Culturing experiments were performed with the benthic foraminifer Ammonia aomoriensis from
Flensburg Fjord, western Baltic Sea. The experiments simulated a projected rise in atmospheric
CO, concentrations. We exposed specimens to 5 seawater pCO, levels ranging from 618 patm
(pH 7.9) to 3130 patm (pH 7.2) for 6 weeks. Growth rates and mortality differed significantly among
pCO, treatments. The highest increase of mean test diameter (19 %) was observed at 618 patm. At
partial pressures >1829 patm, the mean test diameter was observed to decrease, by up to 22 % at
3130 patm. At pCO, levels of 618 and 751 patm, A. aomoriensis tests were found intact after the
experiment. The outer chambers of specimens incubated at 929 and 1829 patm were severely
damaged by corrosion. Visual inspection of specimens incubated at 3130 patm revealed wall
dissolution of all outer chambers, only their inner organic lining stayed intact. Our results
demonstrate that pCO, values of 2929 patm in Baltic Sea waters cause reduced growth of
A. aomoriensis and lead to shell dissolution. The bottom waters in Flensburg Fjord and adjacent
areas regularly experience pCO; levels in this range during summer and fall. Increasing atmospheric
CO, concentrations are likely to extend and intensify these periods of undersaturation. This may
eventually slow down calcification in A. aomoriensis to the extent that net carbonate precipitation
terminates. The possible disappearance of this species from the Baltic Sea and other areas prone to
seasonal undersaturation would likely cause significant shifts in shallow-water benthic ecosystems in

the near future.

1.1 Introduction

The rise in atmospheric CO, concentrations has caused an increase in seawater pCO, over
the past 250 yr (Takahashi 2004, Solomon et al. 2007). Surface ocean waters have taken up ~30 %
of anthropogenic CO, (Sabine et al., 2004, Khatiwala et al., 2009), causing a reduction in ocean pH

and carbonate ion concentration (Orr et al., 2005, Cao and Caldeira, 2008). In response to this

Published in: Marine Ecology Progress Series 432: 53-67, doi: 10.3354/meps09138, 2011.
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acidification, the calcium carbonate saturation state for calcite and aragonite will be lowered to half
their present-day values by 2300 (Feely et al., 2004, Caldeira and Wickett, 2005). This reduced
saturation state and reduction in carbonate ion concentration is expected to negatively affect shell
and skeleton construction by calcifying organisms (e.g. Erez, 2003).

Benthic foraminifera are the most diverse group of hard-shelled protists. They live at the
sediment-water interface, or within the sediments down to >12 cm depth (Corliss, 1985). Model
calculations have inferred that benthic foraminifera account for from 5 to 30 % of carbonate
production in shallow waters (Wefer, 1976, Langer, 2008). The benthic foraminiferal fauna is
estimated to precipitate 0.2 Gt CaCO; per year on a global scale (Langer et al., 1997, Langer, 2008),
which amounts to about one-third of the production by planktonic foraminifers (Schiebel, 2002).

In addition to CO,-induced ocean acidification, anthropogenic eutrophication by river and
groundwater discharge and by atmospheric deposition can lead to changes in carbonate chemistry,
especially in coastal marine environments such as the Baltic Sea (Rosenberg, 1985,
Conley et al., 2007, Levin et al., 2009, Borges and Gypens, 2010, Cossellu and Nordberg, 2010,
Zhang et al., 2010). In comparison to the open ocean, the Baltic Sea exhibits lower salinities, lower
CO,” and consequently lower calcium carbonate saturation states (Q). In the western Baltic Sea,
seasonal effects are super imposed (Hansen et al., 1999). Vertical stratification, enhanced microbial
activity and the ensuing consumption of dissolved oxygen by the decay of particulate organic matter
causes hypoxic conditions in the bottom water and therefore strong seasonally varying pCO, values
over the year (Diaz and Rosenberg, 2008, Conley et al., 2009, Thomsen et al., 2010). In response to
low Q and seasonal acidification, a reduced calcification of foraminifera is expected in Flensburg
Fjord (Polovodova et al., 2009).

An increasing number of field and laboratory studies have shown that many calcareous
organisms have lower calcification rates under simulated ocean acidification
(e.g. Riebesell et al., 2000, Langdon and Atkinson, 2005, Orr et al. 2005, Moy et al. 2009, Thomsen
and Melzner, 2010). There is also evidence that planktonic foraminifers precipitate thinner test walls
at reduced carbonate ion concentrations and higher atmospheric CO, levels (Spero et al., 1997,
Bijma et al., 1999, Moy et al., 2009). A recent study by Kuroyanagi et al. (2009) investigated growth
rates of the tropical, symbiontbearing foraminifer Marginopora kudakajimensis during long-term
incubation at 4 different pHygs (National Bureau of Standards pH) levels between 8.3 and 7.7. Their
results indicated that growth rate, shell weight, and the number of newly added chambers decreased
with a lowering of the pH. A further culturing experiment with the benthic foraminifer
Elphidium williamsoni indicated the formation of significantly thinner chamber walls at a pH of 7.6
(Allison et al., 2010). Specimens of the boreal shallow-water species Ammonia tepida were cultured
under atmospheric CO, concentrations of 120 patm (pH 8.4) and 2000 patm (pH 7.5;
Dissard et al., 2009). Surprisingly, the specimens still calcified at concentrations <2000 patm. This
was in contrast to earlier experiments with living A. beccarii from Isle de Yeu, France. In the lle de
Yeu study, growth ceased and dissolution of the tests started at the same pHygs of 7.5
(Le Cadre et al., 2003).

The consequences of future elevated atmospheric CO, concentrations for benthic

foraminiferal calcification in shallow waters are thus not sufficiently studied. The purpose of this study
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was to investigate the calcification response of the benthic foraminiferal Ammonia aomoriensis from

the western Baltic Sea to different seawater pCO, levels.

1.2 Materials and methods

.21 Sampling and cultivation of foraminifera

Living Ammonia aomoriensis specimens were collected from Flensburg Fjord, western
Baltic Sea (54°48°082"'N, 9°53'069"'E, 13 m water depth), in June 2009. This location is situated
0.316 n miles to the northwest of Station PF16-26, where, in June 2006, A. aomoriensis was
reported (as A. beccarii) as dominating the living assemblages (Polovodova et al., 2009). The bottom
sediment is a silty fine sand. We used a Mini Corer (inner diameter 100 mm; Kuhn and
Dunker, 1994), deploying it from R/V Littorina. Altogether, 4 cores were taken. The first 2 cores were
used for determination of carbonate system parameters and also to serve as backup material. Once
aboard, the uppermost 1 cm of the third core was gently washed with seawater of 20 psu through a
63 uym mesh. The residue was kept in 300 ml Kautex wide-neck containers with seawater. The
bottles were covered with Parafilm to avoid excess evaporation, and were then aerated and stored at
20 °C as stock cultures. The cultures were exposed to a 12 h light:12 h dark (12:12 L/D) cycle.
Foraminifera were fed with 200 pl of a living algae mixture containing Nannochloropsis oculata,
Phaeodactylum tricornutum and Chlorella (DT’s Premium Blend) once a week. During feeding, the
air pumps were switched off for 1.5 to 2 h to allow the algae to settle, and to facilitate successful

feeding of the foraminifera.

1.2.2  Occurrence and identification of Ammonia species from Flensburg Fjord

In the western Baltic Sea, Ammonia spp. is common at 4 to 14 m water depth. It lives in
muddy sands under brackish conditions with salinities ranging from 15 to 23 psu (Rottgardt, 1952,
Lutze, 1965, Nikulina et al., 2008), and is found up to 6 cm deep in the sediment (Lutze ,1987).
Initially, Ammonia spp. from Kiel Bight and adjacent fjords were identified as Ammonia beccarii
(Linné, 1758), applying a broad understanding of this taxon (Schnitker, 1974). Ammonia spp. from
European marginal seas have in fact mostly been identified as Ammonia beccarii or Ammonia tepida
(Haake, 1962, Lutze, 1965, Murray, 1991, Debenay et al., 1998, Bouchet et al., 2007,
Pascal et al., 2008). However, the diameter of our specimens from Flensburg Fjord was about
1.5 times larger than that of Ammonia tepida lectotypes from Puerto Rico (Cushman, 1926,
Hayward et al., 2003). The Flensburg Fjord specimens commonly had 9 chambers in the last whorl,
while Ammonia tepida lectotypes showed only 7 chambers, and the outline of Flensburg Fjord tests
was less lobular than those from Puerto Rico. Topotypes of Ammonia beccarii from Rimini Beach,
Italy, were much flatter, had 14 to 15 chambers in the last whorl, and showed a distinct
ornamentation on both spiral and umbilical sides (Hayward et al., 2004). Such ornamentation is

lacking in our specimens from Flensburg Fjord. Ammonia specimens from Flensburg and Kiel Fjord
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were almost identical in shape and morphology (Polovodova and Schoénfeld, 2008). A molecular
identification of Ammonia specimens collected in the Kiel Fjord with rDNA sequences revealed that
they belong to the phylotype T6, which, based on morphological characters, was referred to the
Pliocene species Ammonia aomoriensis (Asano, 1951), which is likely to be extant
(Hayward et al., 2004, Schweizer et al., 2010). The adjacent occurrence in the same marginal sea
and the strong morphological similarity with specimens from Kiel Fjord suggests that Ammonia from
Flensburg Fjord also represents the species A. aomoriensis. Ongoing molecular phylogenetic
analysis by M. Schweizer, University of Edinburgh, is expected to provide more information about

molecular identification of Flensburg Fjord Ammonia based on rDNA sequences.
1.2.3  Preparation of foraminifera

Living specimens were picked with a fine brush from the stock-cultures under a Wild M3C
dissecting microscope. All individuals of Ammonia aomoriensis were divided into 3 groups of
distinctively different behavior: small and ‘active’ young specimens (size class 150 to 250 uym), larger
and ‘active’ young specimens (size class 250 to 350 um) and ‘inactive’ ‘old’ specimens of >200 ym in
diameter. The specimens were identified as being alive by their yellow cytoplasm content.
Additionally, selected and presumably living specimens of 2 different size classes (150 to 250 ym
and 250 to 350 um) were aligned in a Petri dish and left for half an hour. This is an infallible method
for distinguishing active from inactive individuals. Only those individuals that showed a lateral
movement of at least 3 mm were considered active specimens. Larger, inactive specimens of
>200 pym in diameter from both size classes showed a lateral movement of 0.5 to 1 mm only. These
inactive specimens were adults, previously considered inappropriate for culturing
(Barras et al., 2009).

All specimens, when we selected them, had the same stress condition, independent of
activity level or size. We considered specimen movement — an individual and active response to
disturbance of habitat — to be indicative of current physical condition, and on this basis we presumed
physical condition to be the same for all specimens showing the same response behavior. After their
classification, the selected specimens were exposed to calcein-stained seawater (4 mg I") for
2 weeks (Bernhard et al., 2004, Barras et al., 2009) and then placed into 300 ml transparent
polycarbonate culture vessels, 30 specimens to a vessel. Each vessel contained 10 small active,
10 larger active and 10 large inactive specimens (Fig. 1). This was done at 5 different pCO, levels
and 3 replicates for each pCO, level and each size fraction.

Specimens were kept individually in 1 mm deep recruitment pits of 7 mm diameter, which
were drilled into the base plate of the vessels. The recruitment pits were not enclosed, so that the
specimens could move and seek shelter inside the pits. The basic idea was that the recruitment pits
would help us locate the specimens for monitoring. We observed that most specimens moved
around only within their pits, with only very few leaving the pits. (It might have been better to have had
deeper or more enclosed pits, but this in turn might have caused a more unstable pCO, gradient in
each pit.) A small amount (0.43 g) of carbonate-free quartz (>97% SiO,) was dispersed in equal

amounts among the pits with the intention of better mimicking the natural habitat of
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Ammonia aomoriensis. The micro environment along the base plate of the vessel appeared to be

less attractive to the specimens, since most of them stayed in their pit.
.24 Experimental setup
Culturing of Ammonia aomoriensis was performed in a flow-through system following the

concept of Hintz et al. (2004) (Fig. 1). The culture vessels were flushed with cartridge filtered (25 um)

and UV-sterilized seawater from Kiel Fjord. In order to monitor the carbonate system, pH according

Compressed air COx Valve

B——= T
(e
E?a ..

N~
Seawater 380patm 1120 yatm
v = 2 = —— — —
Overflow Control | . |- - |- —
1 | 1
Triplicate
cultures f I f
Cutflow

Fig. 1. Ammonia aomoriensis. Setup of culturing system. For explanation, see ‘Experimental setup’.

to the National Bureau of Standards pH-scale (pHngs), total alkalinity (At), salinity, temperature and
phosphate concentrations (PO43') were measured continuously in the flow-through system. The
seawater was enriched with oxygen in a 30 | reservoir bin, and subsequently conditioned in five 5 |
compact jerrycans with CO,-enriched compressed air at partial pressures of 380, 840, 1120, 2400
and 4000 patm. The pCO, range from 380 to 1120 upatm corresponded to values recorded in
Flensburg Fjord; the 2 higher levels were meant to simulate future scenarios of 2400 and 4000 patm.
The preconditioned seawater from each jerrycan flowed through 4 culture vessels. Three vessels
contained living foraminifera as triplicate experiments at the same pCO, exposure, and 1 vessel was
left barren as a control for hydro-chemical monitoring. To replace the water in the aquaria 1.4 times
h™', the flow rate was adjusted to 0.16 ml s™'. The overflow seeped through the fissure between lid and
vessel, draining off to a sink. Food was added every second day to the vessels containing

foraminifera as 100 pl DT’s Premium Blend algae mixture. The experiment lasted 6 weeks.
1.2.5 Population dynamics and biometry

The aquarium like culture vessels permitted monitoring of the individuals throughout the

experiment. They were examined weekly under a dissecting microscope, and their presence, shape
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and behavior noted. As the removal of culture vessels from the experimental setup for examination
induced some disturbance, we refrained from surveillance at shorter intervals. Using an eyepiece
reticle on the dissecting microscope, we measured the size of all specimens weekly in their
recruitment pits. These measurements had to be made through the water column in the culture
vessels. During these measurements, temperature was held stable by placing the culture vessel in a
water bath with crushed ice, and monitoring the temperature.

Because of a working distance of >50 mm, we could use only 40x magnification, which
resulted in an error of £ 12.5 ym (maximum distance to the next scale unit) in the size measurements.
This is approx. +4 to £7 % of the average diameter (from 180 to 280 um) of the examined specimens.
The overall test diameter of specimens changed during the experiment. Size differences were
calculated by measuring the test diameter at the beginning and at the end of the 6 weeks experiment.
In addition to diameter measurements, we determined the number of new chambers formed during
the incubation period. We did this at the end of the experiment by examining the specimens
(according to Dissard et al., 2009) under an inverted fluorescence microscope (Zeiss Axiovert 100,
wavelength: 530 nm). After the experiment, all individuals were stained with Rose Bengal to assess

whether they still contained cytoplasm (indicating living specimens) or not (dead specimens).
1.2.6 Water chemistry

pH, as well as alkalinity, salinity, temperature and phosphate concentrations, were
measured and compared in the culture vessels and controls. As an additional control we measured
all parameters in the 30 | reservoir bin, in the five 5 | compact jerrycans and in the sink. pHygs,
temperature and salinity were monitored every second day in the setup. We used a WTW 340i pH
analyzer to measure pH and water temperature. The pH analyzer was calibrated with standard buffer
solutions of pH 4.01, 7.00 and 10.00 (WTW standard, DIN/NIST buffers L7A). Precision was
+0.01 for pH and 0.1 °C for temperature. For salinity measurements, a WTW Cond 315i salinometer
with a precision of £0.1 psu was used.

In order to calculate carbonate system parameters with CO2SYS software, the phosphate
concentration was measured weekly (Lewis and Wallace, 1998). A 10 ml water sample was passed
through a 0.2 um filter and was measured colorimetrically in a spectrophoto meter (U 2000,
Hitachi-Europe) at a wavelength of 882 nm according to Koroleff (1983). The precision of the
phosphate measurements was £0.2 ymol .

Samples for analysis of total alkalinity (Ar) were sterile-filtered (0.2 ym pore size) and
determined through potentiometric titration (Dickson, 1981) in a Metrohm Tiamo automatic titration
device. The precision of the alkalinity measurements was 2 ymol kg'1. The carbonate system
parameters pCO, and Q calcite values were calculated from measured Ar, pH, phosphate,
temperature and salinity using the CO2SYS software (Lewis and Wallace, 1998). The equilibrium
constants of Mehrbach et al. (1973), as refitted by Dickson and Millero (1987), were chosen.

Near-bottom water samples were taken from Flensburg Fjord in order to determine salinity,
temperature, pH and alkalinity in the natural habitat of Ammonia aomoriensis. The range of

reproducibility of pH measurements from Flensburg Fjord bottom-water samples, collected
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bi-monthly from June 2009 to April 2010, was from 0.04 to 0.1. Carbonate system parameters were
calculated from measurements of pHygs and alkalinity. Monitoring results will be reported elsewhere,

but we refer to the pCO, values and their seasonal range in the present study (Table 1).

Table 1. Ammonia aomoriensis. Carbonate chemistry of bottom water from sampling station FF3 from Flensburg
Fjord (54° 48.082’ N, 9° 53.069’ E), showing duplicate average values of salinity, temperature, total alkalinity (A1) and
the pH according to the National Bureau of Standards pH-scale (pHngs). The precision of the alkalinity measurements
was 100 pmol kg'1. Carbon dioxide partial pressure (pCO,;) and Omega of calcite saturation state (Q..) were
calculated (cal) with the CO2Sys program (Lewis and Wallace, 1998) from measured A, pHygs, temperature and
salinity.

Date Salinity Temp. At pHnes pCO, cal Q. cal
(d/molyr) (°C) (umol kg'1) (uatm)

03/06/2009 20.2 10.3 21255+ 87.6 7.83 727.1 1.35
18/08/2009 19.8 15.3 2239.1 £28.0 7.47 1863.3 0.85
20/10/2009 21.6 11.9 2465.7 £ 314 7.31 2873.8 0.60
07/12/2009 20.9 8.8 2174.0 £ 64.1 7.81 769.1 1.42
15/02/2010 16.9 -0.4 1804.6 + 200.7 7.94 465.1 1.05
19/04/2010 18.8 5.6 2374.9 £90.8 7.94 493.0 2.01

1.2.7  Preparation for scanning electron microscopy

At the end of the experiment, the foraminifers were removed from the culture vessels using a
fine brush and were transferred to Eppendorf-type micro centrifuge tubes. Fixation was
accomplished in a solution of 2 g Rose Bengal in 1 | ethanol (98 %, technical quality) for 24 h. Finally,
intact specimens were air-dried, prepared with an Emitech K550 (Au+Pd) sputter coater and

photographed with a scanning electronic microscope (SEM; Cam Scan-CS-44).
1.2.8  Statistics

Changes in test diameter (see Fig. 3B) were analyzed by linear regression (f= b + ax) using
SIGMA PLOT 10. Regression lines present Pearson correlation with confidence bands, which exhibit
95 % Cl and correlation coefficient R? for the fitted line. The error in the regression equations is +1 SE

of the mean.

1.3 Results

1.3.1  Water chemistry

Salinity ranged from 17 to 19.5 psu (mean + SE = 18.4 + 0.8) during the experimental period
(Fig. 2, Table 2). Mean seawater temperature in the culture vessels decreased steadily over the
course of the experiment from 12.6 to 11 °C. The culture vessels were flushed with seawater, which
was taken from Kiel Fjord with our aquarium system. Salinity and temperature of seawater changed
seasonally (Thomsen et al., 2010). The fluctuations of these parameters during the experimental

period therefore correspond to the natural variability in Ammonia aomoriensis habitat.
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pH values (mean £ 1 SE) varied according to seawater pCO, from 7.9 + 0.05 to 7.2 £ 0.04.
They were reasonably stable during the whole incubation time and did not mirror variations in salinity
and temperature (Fig. 2). Maxima and minima in mean values were caused by a few exceptionally
high and low values in single replicates, which may represent measurement errors. Alkalinity and
phosphate concentration also showed no significant change over the course of the experiment
(Table 2). No systematic offsets or significant differences among experimental and control vessels
were detected. While respiration and degradation processes are likely to be enhanced when food is
added to the vessels, we saw no significant differences of measured or calculated parameters
between controls and cultures. This suggests that the amount of food added was too small to change

the abiotic conditions in the culture vessels at the given flow rates.
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Fig. 2. Ammonia aomoriensis. Water chemistry during the experiment. Temperature and salinity are mean values of
all measurements taken in each culture vessel flushed with different seawater pCO, levels as in Table 1.
pH: means * SD, n = 3.

The calculated pCO., in the culture vessels differed significantly from the pCO, baseline level
in the compressed air (Table 2). For instance, in the jerrycan bubbled with compressed air without
CO, addition, which should yield the ambient atmospheric partial pressure of 380 patm, the
measured value was 618 patm. This was most likely due to a higher CO, concentration in subsurface
waters of Kiel Fjord at the seawater system intake caused by seasonal phenomena, such as
upwelling of hypoxic and hypercapnic waters (Thomsen et al., 2010). At higher pCO, levels, the
measured values in the culture vessels were 11 to 24 % lower than the target values in the
CO,-charged compressed air (Table 2). The difference probably accounts for outgassing in the
culture vessels due to the slow percolation rate. In the following, we refer to the pCO, values that
were calculated from actually measured hydrochemical parameters in the culture vessels and not to

the pre-adjusted values in the CO,-enriched air (Table 2).
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Table 2. Ammonia aomoriensis. Carbonate chemistry of culture media, means *SD (n = 3) of several variables for
5 pCO; levels. Controls are mean values of all measurements made during the 6 weeks incubation. pCO,, total
carbon (Cy), and Omega of calcite saturation state (Q..) were calculated (cal) with the CO2Sys program (Lewis and
Wallace, 1998) from measured Ar, pHyss, PO,>, temperature and salinity.

pCO, baseline level pCO;cal Salinity Temp. pHuss Ar Crcal Q.. cal PO43'
(uatm) (watm) (°C) (umol kg™ (umol kg™ (umol Iy
380 6179+ 8.5 184+08 11.8+06 7.90+0.05 2040.1+20.7 1980.2+31.8 1.66+0.25 0.99+0.33
380_control 610.1£94.0 184+08 11.7+x0.6 7.91+0.04 2043.1+20.1 1983.1+29.2 1.67+0.22 0.99+0.31
840 751.1+22.8 184+08 116+06 7.81+0.04 2039.0+174 1999.5+223 1.38+0.16 1.02+0.32
840_control 734.7 £ 67.8 184+08 116+0.7 7.81+£0.04 2036.0+x16.7 1996.4+21.7 1.39+0.14 1.04+0.29
1120 929.1 £ 23.4 184+08 11.7+0.6 7.71+£0.06 20352+19.8 20144+232 1.14+013 1.01+0.33
1120_control 953.9+1474 184+08 11.6+05 7.71+0.04 2034.0+146 2018.0+19.2 1.12+0.15 1.06+0.32
2400 1829.2+335 184+08 116+0.6 7.43+0.04 2036.2+215 20752+204 0.64+008 1.01+0.30
2400_control 1891.2+2270 184+08 11606 7.42+0.04 20420+146 2095.7+21.0 0.59+0.06 1.00+0.30
4000 3130.2+336 18408 11.9+05 7.19+0.04 2039.7+19.2 2156.2+245 0.37+0.04 1.00+0.33
4000_control 31586 +2351 184+0.8 11.8+05 7.18+0.05 2036.9+17.8 2159.8+23.7 0.36+0.03 0.96+0.37

The Q values (mean = 1 SE) for calcite ranged from 1.66 + 0.25 at a pCO, of 618 patm to
0.37 £ 0.04 at a pCO, of 3130 patm. The values <1.0 indicate carbonate dissolution at partial
pressures above 929 pyatm under the present settings of temperature and salinity.

The carbonate system parameter pCO, cal and Qc, cal, as calculated from measured pHygs
and Ar values, varied in the near-bottom water at the sampling site in Flensburg Fjord from
2874 patm (pH 7.3) in October 2009 to 465 patm (pH 7.9) in February 2010 (Table 1). In August and
October 2009, Q values for calcite were temporarily <1.0 (0.85 and 0.6, respectively). Therefore, our
experiment covers the entire seasonal pCO, variability in the A. aomoriensis habitat in Flensburg
Fjord, even though we did not capture the seawater pCO, level in February and April 2010 when the

pCO, in Flensburg Fjord was ~130 patm lower than at the lowest partial pressure in our experiment.

1.3.2 Test diameters

All specimens, whether inactive or active, were alive at the beginning of the experiment.
They grew during the incubation, especially at low pCO, values. Active specimens from the 150 to
250 um fraction displayed an increase of 19 % in diameter at a pCO, of 618 patm, whereas mean
diameter of active specimens from the 250 to 350 ym fraction increased by only 11 % (Fig. 3A). In
comparison to active specimens, the mean diameter of the large inactive specimens (>200 pm)
increased by only 2 % at a pCO, of 618 patm during the course of the experiment (Fig. 3A).

The growth of specimens from the 150 to 250 um fraction differed significantly, depending on
pCO; treatment (Fig. 3B). The greatest increase in mean shell diameter of 35 uym was observed at
the lowest pCO, level of 618 patm. At pCO, levels of 751 yatm and 929 yatm, the mean diameter of
Ammonia aomoriensis increased by only 29 and 13 pm, respectively. At a pCO, of 1829 and
3130 patm, the test diameter was reduced by 5 and 41 pym due to test corrosion.

The shell diameter of active specimens from the 250 to 350 ym fraction differed also
according to pCO,, level (Fig. 3B). At a pCO, of 618 patm, the mean shell diameter increased by

29 ym. The growth rate was highest at a pCO, of 751 patm, where the increase was 39 um.
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Ammonia aomoriensis displayed a reduced growth under higher pCO, levels, viz. from 929 to
3139 patm. While the mean shell diameter increased by 29 ym at a pCO, of 929 patm, the
specimens displayed barely any change in size at a pCO, of 1829 patm during the 6 weeks
incubation period. At a seawater pCO, of 3130 patm the average shell diameter was reduced by
23 um.
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Fig. 3. Ammonia aomoriensis. Change of test diameter (A)
—&—— 618 patm over time, and (B) in relation to 5 pCO, treatments for 3 size
--------- v 751 patm fractions, including both active and inactive specimens.
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— = —- 1829 patm triplicate culture vessels. Solid lines in (B) = linear
A 3130 patm regression curves (f = b + ax) of diameter change; dashed
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Inactive specimens from the >200 um fraction showed only a slight change of test diameter
ata pCO, of from 618 to 1829 patm (Fig. 3B). The lowest increase (6 um) was observed at a pCO, of
618 patm, followed by an increase of 21 ym at a pCO; of 751 patm and 13 ym at 929 patm. Like
active specimens, the shell diameter barely changed at a pCO, of 1829 patm and, on average,
decreased by 48 ym at a pCO, of 3130 patm.
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1.3.3 Loss and mortality rates

During the 6 weeks incubation period, some Ammonia aomoriensis specimens disappeared
between weekly surveillance periods (Fig. 4). On these occasions the entire culture vessel was
thoroughly screened twice for lost specimens. However, the missing individuals had neither moved
out of their recruitment pits, nor had they crawled upwards on the sidewalls of the vessels (e.g. Lee
and Anderson, 1993). Nor were encystation or clustering of juveniles around the mother individual
observed (e.g. Lehmann, 2000, Heinz et al., 2005). The physical disturbance during removal of
vessel, surveillance and sampling might have played a role in this occurrence. Allison et al. (2010),
moreover, have described the possibility of flotation and escape of specimens attached to air
bubbles with seawater outflow from the cultivation chambers. The inner organic lining, which is light
and floats easily, may also be involved in escape by flotation. In our setup, however, air bubbles were
trapped under the lid of the vessels, thus eliminating this option. It remains possible that some of the
specimens were lost during sampling.

The loss resulted in no significant difference between the active specimens of size fractions
150 to 250 pym, 250 to 350 um or inactive specimens >200 uym. In the pCO, range of 618 to 929 patm,
the losses of active and inactive specimens during the experimental period averaged from 7 to 11 of
the 30 cultured specimens. Significantly higher losses were observed at a pCO; of 3130 patm. From
30 specimens at the beginning of the experiment, the loss of active specimens of the 150 to 250 ym
and 250 to 350 um size fractions averaged 18 specimens. Among the inactive specimens >200 um,
an average of 22 out of 30 individuals were lost during the experiment (Fig. 4).

At the end of the experiment, the foraminifers were picked individually from the recruitment
pits under water. Staining of these organisms with Rose Bengal revealed that most individuals
incubated from 618 to 1829 patm pCO, survived. Based on staining evidence, an average of
20 active and inactive specimens from each vessel had survived the experiment. However, of the
12 specimens remaining at experiment’s end that had been subjected to a pCO, of 3130 patm, an

average of 10 contained no living cytoplasm at the end of the incubation and were presumed dead.

A) Active specimens 150-250 pm  B) Active specimens 250-350 pm  C) Inactive specimens >200 pm

Number of specimens

AN

618 751 929 1829 3130 61 751 929 1829 3130 618

-~
o
s

929 1829 3130

pCO, [pratm]

I Lost specimens
[ Dead specimens
ZZZZ2 Living specimens

Fig. 4. Ammonia aomoriensis. Loss and mortality versus pCO, level for 3 size fractions (A, B, C), including both
active and inactive specimens. Bars display means of lost, dead and live specimens.
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1.3.4 SEM observations

The different stages of dissolution during the 6 weeks incubation time were revealed by SEM
observations (Fig. 5). The tests of Ammonia aomoriensis exposed to a pCO, of 618 to 751 patm were
fully intact (Fig. 5A). The test walls exhibited a smooth surface, and the pore size and distribution on
the shell wall remained unaffected. At pCO, levels of 929 and 1829 patm the last 1 to 3 younger
chambers were severely decalcified or destroyed (Fig. 5B,C). The surface of the walls showed
fragmentary dissolution of the younger calcite layers, which were left only as scales (Fig. 6A,B).
Furthermore, at a seawater pCO, of 1829 patm, we observed the formation of cracks around the
pores. (Fig. 6C). On some individuals, at a pCO, of 1829 patm, the SEM examination revealed
prograding incisions along the sutures. At a high pCO, of 3130 patm, the tests had become heavily
decalcified after 6 weeks (Fig. 5D). The tests showed an irregular shape caused by dissolution of the
outer chamber walls (Fig. 6D). In all cases, the shell was interrupted and only the inner organic lining
remained (Fig. 5D). The interlocular walls were isolated, and their internal calcite layers were

separated (Fig. 6D). The remaining interlocular walls gave the tests a star-like appearance (Fig. 5D).

spiral side

umbilical side

618 patm 929 atm 1829 patm 3130 patm

Fig. 5. Ammonia aomoriensis. SEM images depicting different stages of dissolution on spiral and umbilical sides of
the test at various pCO; levels (A to D).

.4 Discussion

.41  Change of test diameter of Ammonia aomoriensis under elevated pCO,

The increase in average test diameter indicated that the individuals had grown during the
experiment. Growth was higher among the small young and active specimens than among the large
active and inactive adults. At a control pCO, of 618 patm, 78 % of the active specimens from the
150 to 250 um size fraction grew during the experiment, as did 65 % of the specimens from the

250 to 350 um size fraction. Only 44 % of inactive specimens of the >200 pm size fraction showed an
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increase in test diameter, which implied growth by chamber addition during the 6 weeks incubation
time (Table 3). Substantially more specimens grew in our experiment than during the experiments of
Dissard et al. (2009), where ~60 % of the specimens kept at a low, pre-industrial CO, level added
new chambers. With increasing pCO,, the difference between initial and final test diameter of
Ammonia aomoriensis decreased. A significant reduction in foraminiferal test diameter was observed
at a high pCO, of 3130 patm.

Foraminifera grow by adding new chambers. To assess chamber addition, specimens that
had grown during the experiment were examined after the incubation time under a fluorescence
microscope. All youngest chambers were stained with calcein (for comparison see Fig. 1A of
Allison et al., 2010, p. 88). Since the intensity was hardly distinguishable from the elder part of the
test, we could not assess with certainty the number of new chambers that had been formed during
the experiment. The newly precipitated calcite of the final chambers contained calcein similar to the
walls of the earlier chambers, even though it had not grown in calcein-stained water. We suppose
that the calcein was incorporated and stored in vacuoles filled with seawater, from which the calcite
for the new chamber wall of the foraminifer was formed. This might explain why the new chambers
were fluorescent after the 6 weeks incubation time without calcein having been added to the
percolating seawater. Another explanation might be that calcein was adsorbed to the organic lining
and all calcein-stained chambers were either formed during pre-incubation time or the calcein was
re-mobilised from the linings during formation of new chambers. As we observed that foraminifers
were stained with calcein before placing them into culture vessels and they had definitely grown
during the experiment, this explanation seems less likely. Furthermore, little is known about the
internal dynamics and intermittent storage of calcein in living cells. Normally, calcein does not pass

cell membranes. An adsorption to organic linings therefore does not appear likely.

Table 3. Ammonia aomoriensis. Newly added chambers from active specimens of 3 size fractions, including both
active and inactive specimens, at a control pCO, of 618 patm.

Number of Active specimens Inactive specimens
specimens 150—250 ym 250-350 ym >200 ym
Survived the experiment 18 23 18
Showing no growth 4 8 10

Grown by 1 chamber 0 1 0

Grown by 2 chambers 6 6 6

Grown by 3 chambers 3 8 2

Grown by 4 chambers 5 0 0
Average chamber addition 23 1.6 1.0
Percentage showing growth 78 % 65 % 44 %

Due to the above-mentioned constraints, chamber formation of Ammonia aomoriensis could
be assessed only by means of increase in test diameter. An examination of SEM images taken from
24 specimens of A. aomoriensis sampled in Flensburg Fjord, Kiel Fjord, and Eckernférde Bight
(Schonfeld and Numberger, 2007a,b, Polovodova and Schoénfeld, 2008, Nikulina et al., 2008,
Polovodova et al., 2009, Schweizer et al., 2010) revealed an increase in diameter (average + SD,
n = 12) of 27 £ 16 pym per new chamber over the last 4 chambers. The height of the last 2 chambers,

as seen from the spiral side, was 106 + 23 ym. The increase in test diameter by adding new
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chambers did not co-vary with the overall diameter. Therefore we conclude that A. aomoriensis
growth by 13 to 39 uym at a pCO, of 618 patm corresponded to the addition of 1 or 2 new chambers
during the 6 weeks experimental period. In terms of chamber addition, active specimens of size
fraction 150 to 250 ym added 2.3 chambers on average, and specimens of size fraction 250 to
350 ym added 1.6 new chambers. Inactive specimens added 1.0 new chamber on average
(Table 3). An example of growth for one active individual of A. aomoriensis from size fraction 250 to
350 um is presented in Fig. 7. During the incubation time, this individual grew by 33 pym. The growth
took place in 2 increments of 16 um, the first between days 7 and 14, and the second between days
14 and 21. On the basis of the aforementioned calculations, we concluded that this specimen had
added 2 new chambers at a pCO, of 618 patm.

Culture experiments assessing the growth of Ammonia aomoriensis from the western Baltic
Sea have not been reported to date. The cultivation of A. tepida from San Antonio Bay, Texas,
revealed a strong dependency of test growth on ambient temperature and salinity (Bradshaw, 1957).
During the experimental period, we measured an average temperature of 11.7 °C and salinity of
18.4 psu. On the basis of Bradshaw’s (1957) data applied to our experimental settings, we estimated
a growth rate of 0.06 chambers per day, causing us to expect an addition of 2 to 3 new chambers
over 6 weeks. In fact, our measurements indicated an addition of only 1 to 2 new chambers on
average, which is slightly lower than could be estimated using Bradshaw’s (1957) data, but it is

nonetheless in general agreement with that estimate.

380 -
360 ——0---0
340

320 -

Test diameter [pm]

300 -

0 7 14 21 28 35
Incubation time [d]

Fig. 7. Ammonia aomoriensis. Change in test diameter over time of a single active individual from size fraction
250—350 pm. Increment in diameter between Days 7 and 21 implies addition of 2 new chambers.

Dissard et al. (2009) reported that only half the specimens added new chambers during
6 weeks of laboratory cultivation. Their average rates of 0.9 to 1.7 new chambers per individual fit
well with our results. The culturing of the benthic foraminifer Elphidium williamsoni showed that they
formed from 1 to 3 new chambers at a pH range of 7.6 to 8.3 at 15 °C during an 8 weeks experimental
period (Allison et al., 2010).

During our experimental period, we observed that tests dissolved more readily at a high
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seawater pCO, than at a lower level. In our study the test diameter of Ammonia aomoriensis showed
an increase with pCO, values up to 751 patm. Above a critical pCO, level of 1829 patm, however,
dissolution features and a reduction of test diameter were observed. The inferred reduction of
calcification might be a result of a presumably higher energetic cost to elevate the pH of intracellular
vesicles where the first calcite crystals for the new chamber walls are precipitated
(de Nooijer et al., 2008). This might explain the growth deceleration but not the size reduction
observed at a pCO; at >1829 patm. Alternatively, shell-wall thinning might be the result of dissolution
under elevated pCO,. SEM observations revealed the outer chamber walls to be 4 to 10 um thick.
Corrosion or even dissolution of the outer chamber walls would cause a reduction of the test
diameter by 10 to 20 ym. The average chamber height is 106 um. If the entire last whorl were to be
dissolved, the shell loss would exceed by far the observed reduction of 23 to 49 ym in diameter.
Therefore, it is reasonable to assume that the size reduction was due to a loss of outer shell wall and
partial collapse of inner organic lining, which is in agreement with the SEM observations of

dissolution features.

1.4.2 Dissolution features

Our results revealed a clear relationship between seawater pCO, and shell dissolution. The
first dissolution features were recorded at a pCO, of 929 yatm and led to loss of the last-formed
(thinner) chambers. At a pCO, of 3130 patm all chambers were destroyed by complete calcium
carbonate dissolution, only the inner organic lining stayed intact.

Under elevated pCO, conditions, we observed different stages of dissolution. Decalcification
started with loss of the external walls of the last chambers at a pCO, level of 929 patm. The younger
chambers decalcify first because their walls consist of a lower number of lamellae and therefore are
thinner (Le Cadre et al., 2003). The next stage of dissolution is total decalcification of the outer walls
and the inner organic lining, with cytoplasm becoming visible at a pCO, of 3130 patm. For instance,
the individual presented in Fig. 5D had a test diameter of 342 ym at the beginning, and after 6 weeks
incubation at pCO, of 3130 patm the diameter was reduced to 32 um.

The shell of foraminifers is composed of many calcitic layers — so called primary and
secondary calcite — which cover the chambers (Erez, 2003). The thickness of each layer depends on
the number of chambers per whorl (Reiss, 1957, Bentov and Erez, 2005). The needles of the primary
calcite, which forms the inner lamella outlining the new chamber, usually consist of a high-Mg calcite.
The secondary calcitic layer, which covers the inner lamella as well as the entire existing shell,
consists of low-Mg calcite (Reiss, 1957, Erez, 2003). Dissolution of the secondary calcite, which is
deposited among the primary calcite needles, leads to test transparency (Le Cadre et al., 2003). We
even observed a scabbing of the external walls of all chambers at a pCO, of 929 patm (pH 7.7), with
the primary calcite dissolving first, and needles of the secondary calcite beginning to thin (Fig. 6A). At
a higher pCO, level (1829 patm), primary calcite dissolved first and caused formation of lacunae
among the needles of the first layer of secondary calcite and the inner organic lining. At the same
time, the needles of the secondary calcite thinned at their base (Fig. 6B). Furthermore, the pore

diameter expanded on the external walls and cracks were formed on the surface. At the highest
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pCO, treatment (3130 patm), the primary calcite dissolved completely. In the first layer of secondary
calcite from the inner side, the needles became generally thinner (Fig. 6D). The second layer of
secondary calcite on the outer side corroded completely (Fig. 6D). In general, corroded tests became
opaque. We conclude from our SEM observations that dissolution progressed both from the inner
(cytoplasm) surface and the outer (seawater) surface. Acidified seawater probably diffuses through
the pores from the external walls towards the inner organic lining. From the inner side the primary
calcite corroded first. This is because this primary material consists of high-Mg calcite (Bentov and

Erez, 2005), which is less resistant to dissolution than the needles of secondary, low-Mg calcite.

’ o - _ w
3 B b . A 5,
“. “."‘.‘ -y - &
- B = 5 A
b . = el oM

D) pCO, 3130 patm

b .

C) pCO, 1829 patm

Fig. 6. Ammonia aomoriensis. (A, B, D) SEM images showing layers of primary calcite (Pri Ca), secondary calcite
(Sec Ca) and inner organic lining (IOL) after 6 weeks incubation under elevated pCO,. (C) Note appearance of cracks
at pCO, of 1829 patm.

Corroded walls have likewise been observed in living Ammonia beccarii from Isle de Yeu,
France (Le Cadre et al., 2003). The specimens first retarded their pseudopodial network, then the
test became opaque and the youngest chambers were destroyed. After 15 d, only the interlocular
walls were preserved, and the inner organic layer covered the cytoplasm at the other parts of the test
(Le Cadre et al., 2003).

The results of Le Cadre et al. (2003) demonstrate that Ammonia beccarii is able to rebuild its
shells through recalcification when pH is increased following temporary exposure to low pH levels. In

our laboratory experiment, however, A. aomoriensis was permanently exposed to low pH. According
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to our observations, A. aomoriensis exhibited no evidence of counteracting dissolution through
rebuilding its shells during the incubation time of 6 weeks.

Our laboratory experiment reproduced the dissolution phenomena observed in nature.
Different stages of test dissolution of Ammonia beccarii were found in Gelting Bay, Flensburg Fjord.
All observed Ammonia specimens were corroded and exhibited loss of the youngest chambers or the
tests took on a star-like appearance with visible inner organic linings (Polovodova and Schonfeld,
2008, Plate 3, Figs. 2—-6). Similar dissolution features were observed in the following: A. batavus from
Sandebukta, Oslo Fjord (Alve and Nagy, 1986); A. parkinsoniana, Elphidium excavatum and
Palmerinalla palmerae from Nueces Bay, Texas (Buzas-Stephens and Buzas, 2005); tropical,
intertidal benthic foraminifera from Cleveland Bay, North Queensland (Berkeley et al., 2008); and
estuarine foraminifera from South Alligator River, Northern Territory, Australia (Wang and
Chappell, 2001).

The dissolution features observed in nature may have a variety of anthropogenic or natural
causes (Le Cadre et al., 2003). Here we can only speculate that the lowering of pH in seawater of
natural habitats is an important factor in test dissolution. Abrasion and predation, as well as early
diagenesis, were previously considered as mechanisms that may act independently or amplify each
other (Bradshaw, 1957, Martin et al., 1995, Alve and Murray, 1999, Moreno et al., 2007, Polovodova
and Schonfeld, 2008). As these processes can be ruled out under laboratory conditions, the shell
loss of cultured foraminifers can only be interpreted in light of carbonate chemistry impacts on the

calcification and dissolution process (Stubbles et al., 1996a,b).

1.4.3 Loss rate and mortality

We observed no significant differences of loss between the active and inactive specimens.
At a pCO, of 3130 patm, however, where significantly higher losses were observed, the highest loss
was seen in inactive specimens >200 um, followed by small active specimens of the 150 to 250 ym
size fraction. Subsequent treatment with Rose Bengal demonstrated that most of the specimens
were devoid of cytoplasm at a pCO, of 3130 yatm. We observed that the test wall of A. aomoriensis
was completely destroyed at a pCO, of 3130 patm and that only the inner organic lining was left.
Therefore it is possible that the inner organic lining, which is much lighter than a calcitic test, may
float easily or disappear. This may explain why we did not recover some of the specimens after
6 weeks of incubation time. On the other hand, it is also possible that specimens were flushed away
or escaped from the recruitment pits.

Loss and mortality rates revealed that inactive specimens or empty shells of foraminifera
were affected first, followed by small active specimens of the 150 to 250 um size fraction. This
indicates that living cells may be able to counteract dissolution better than dead cells, at least up to a
certain pCO, level. This emphasizes the potential for biological control, which is required to maintain
inorganic tests and shells in an adverse abiotic environment.

Furthermore, we observed that the test walls of small specimens of the 150 to 250 ym size
class sustained greater damage at high pCO,, levels than did large specimens of the 250 to 350 ym

size fraction. The surface:volume ratio of small tests is greater than that of large tests. Small
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specimens have a relatively greater surface, which is affected by external corrosion and may
therefore respond more sensitively to undersaturated conditions. Another possible reason for greater
damage sustained by small specimens is the thickness of the test walls of such specimens. In
comparison to adult and large specimens, young and small specimens have thinner walls and fewer
calcite lamellae. Therefore, the test walls of small specimens could be more easily destroyed. Our
results indicate that the test walls of Ammonia aomoriensis cracked or dissolved at the high pCO, of

3130 patm, first in inactive or dead specimens, then in small and finally in large specimens.

.44 Ecological effect

Ammonia species are the most successful colonizers in near-coastal environments, and
well-known opportunists, able to tolerate environmental stress (e.g. Almogi-Labin et al., 1995,
Debenay et al., 1998, 2009). In the western Baltic Sea, A. beccarii was considered an invasive
species, which arrived from the North Sea and finally colonised the area in the 20th century
(Polovodova et al., 2009, Schweizer et al., 2010).

Field studies of Polovodova et al. (2009) showed fine porosity on the tests of living Ammonia
from Flensburg Fjord (Station PF16-25). In general, pores were seen to be joined in places, and
tests showed signs of secondary calcification — e.g. regeneration scars. The observed porosity of
Ammonia tests caused by dissolution may be explained by seasonal changes of the carbonate
system under natural conditions (Table 1) and the ability of Ammonia to regenerate tests when
conditions become less corrosive (Le Cadre et al., 2003). This is in contrast to the constantly
elevated CO, levels simulated in our laboratory experiment.

While open ocean pCO; levels of 1829 (pH 7.4) and 3130 patm (pH 7.2), as produced in this
study, are not projected to develop due to ocean acidification in the near future, such conditions are
already prevailing today in seasonally or permanently suboxic waters, including our sampling site in
Flensburg Fjord. Because of the low buffering capacity of Baltic Sea water and the widespread
seasonal undersaturation of portions of its bottom waters (Thomsen et al., 2010), the Baltic Sea is
considered particularly vulnerable to acidification. Based on the results of this study, the resultant
reduced calcification and shell dissolution of A. aomoriensis could lead to its disappearance from the
Baltic Sea during the course of this century. This will also lead to changes in the community structure
of benthic foraminifera (Watkins, 1961, Schafer, 1973, Ellison et al., 1986, Sharifi et al., 1991,
Alve, 1991, Yanko et al., 1998, Thomas et al., 2000, Debenay et al., 2001) and may induce shifts in
the benthic ecosystem of the SW Baltic Sea.

1.5 Conclusions

Ammonia aomoriensis exhibited reduced calcification and increased test dissolution at
elevated pCO; levels and lowered pH. Decalcification started with loss of the outer, thinner chambers
at a pCO, of 929 patm. Total decalcification, when chambers were destroyed and the inner organic

lining became visible, began at a pCO, of 3130 patm. Our observations indicate that dissolution of
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calcified structures progressed both from the inner (cytoplasm) surface and the outer (seawater)
surface. Primary calcite is affected before secondary calcite. Observed loss and mortality rates
suggest that living cells of A. aomoriensis are able to withstand and cope with dissolution up to a
certain pCO, level. We have already achieved pCO, levels in the range from 1829 (pH 7.4) to
3130 patm (pH 7.2) during the seasonal cycle in shallow areas of Flensburg Fjord. With progressing
CO,-induced acidification this may eventually lead to conditions inducing significant changes in the
composition of benthic foraminiferal communities in our study area as well as in other regions

experiencing naturally high bottom-water pCO, levels.
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Abstract

It is expected that the calcification of foraminifera will be negatively affected by the ongoing
acidification of the oceans. Compared to the open oceans, these organisms are subjected to much
more adverse carbonate system conditions in coastal and estuarine environments such as the
southwestern Baltic Sea, where benthic foraminifera are abundant. This study documents the
seasonal changes of carbonate chemistry and the ensuing response of the foraminiferal community
with bi-monthly resolution in Flensburg Fjord. In comparison to the surface pCO,, which is close to
equilibrium with the atmosphere, we observed large seasonal fluctuations of pCO, in the bottom and
sediment pore waters. The sediment pore water pCO, was constantly high during the entire year
ranging from 1244 to 3324 patm. Nevertheless, in contrast to the bottom water, sediment pore water
was slightly supersaturated with respect to calcite as a consequence of higher alkalinity (Ar) for most
of the year. Foraminiferal assemblages were dominated by two calcareous species,
Ammonia aomoriensis and Elphidium incertum, and the agglutinated Ammotium cassis. The
one-year cycle was characterized by seasonal community shifts. Our results revealed that there is no
dynamic response of foraminiferal population density and diversity to elevated sediment pore water
pCO.,. Surprisingly, the fluctuations of sediment pore water undersaturation (Qc,c) co-vary with the
population densities of living Ammonia aomoriensis. Further, we observed that most of the tests of
living calcifying foraminifera were intact. Only Ammonia aomorienis showed dissolution and
recalcification structures on the tests, especially at undersaturated conditions. Therefore, the benthic
community is subjected to high pCO, and tolerates elevated levels as long as sediment pore water
remains supersaturated. Model calculations inferred that increasing atmospheric CO, concentrations
will finally lead to a perennial undersaturation in sediment pore waters. Whereas benthic foraminifera
indeed may cope with a high sediment pore water pCO,, the steady undersaturation of sediment
pore waters would likely cause a significant higher mortality of the dominating Ammonia aomoriensis.
This shift may eventually lead to changes in the benthic foraminiferal communities in Flensburg

Fjord, as well as in other regions experiencing naturally undersaturated Q. levels.
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1.1 Introduction

The combustion of fossil fuels and deforestation has already released about 300 Gt carbon
(Archer, 2005). The release of carbon leads to rising atmospheric carbon dioxide concentrations,
which causes an acidification of the oceans (Zeebe and Wolf-Gladrow, 2001). By 2100, the
concentration of the ocean pCO, is expected to be approximately 750 yatm (Feely et al., 2004,
Raven et al., 2005) and seawater pH is going to decrease by 0.4 units (Caldeira and Wickett, 2005).
The reduced saturation state and carbonate ion concentration will cause a reduction in biogenic
calcification of predominant organisms like corals, coccolithophorids and foraminifera (Gattuso et al.,
1998, Kleypas et al., 1999, Bijma et al., 1999, Riebesell et al., 2000). Consequently, corrosive
conditions are expected to affect the formation of carbonate skeletons of calcifying organisms
(Erez, 2003, Raven et al., 2005).

Already today, calcifying organisms such as foraminifera are subjected to much more
adverse carbonate system conditions in coastal marine environments as compared to the open
ocean (Borges and Gypens, 2010). Especially environments such as the western Baltic Sea, which
are subjected to a low salinity and alkalinity, are characterised by low [CO3°] and consequently lower
calcium carbonate saturation states (Qcac) (Thomsen et al., 2010). Furthermore, in this area
seasonal stratification of water masses, respiration in deeper layers and eutrophication induce
summer hypoxia in the bottom water layers. This causes high and variable pCO, and consequently
low pH during the course of the year (Diaz and Rosenberg, 2008, Conley et al., 2009, Nikulina and
Dullo, 2009, Thomsen et al., 2010). In such habitats, ongoing oceanic CO, uptake will cause a drastic
increase of the prevailing pCO, levels with peaks up to 4000 patm by the year 2100 (Melzner et al.,
2012).

Many laboratory studies have shown that calcareous foraminifera exhibited lower
calcification rates under simulated future scenarios of high seawater pCO, (Le Cadre et al., 2003,
Kuroyanagi et al., 2009, Allison et al., 2010, Haynert et al., 2011, Fujita et al., 2011). To date, a low
number of field studies reported that calcifying organisms are negatively affected by a high pCO, in
natural habitats (Fabricius et al., 2011). In proximity to hydrothermal vents, where volcanic CO,
causes a natural decline of pH, a significant decrease in abundance and species richness of
calcareous foraminifera was observed between ambient pH levels of 8.09 to 8.15 and low pH-levels
of 7.08 and 7.79 close to the vents (Cigliano et al., 2010).

Calcareous benthic foraminifera are common in the SW Baltic Sea, although seawater
carbonate concentrations are permanently low and even seasonally undersaturated (Lutze, 1974,
Wefer, 1976, Grobe and Fitterer, 1981, Polovodova et al., 2009, Thomsen et al., 2010,
Haynert et al., 2011). Salinity, temperature, oxygen, and food availability were considered as
important factors, which regulate the foraminiferal diversity and abundance (e.g. Rottgardt, 1952,
Bradshaw, 1957, Lutze, 1965, Wefer, 1976, Alve and Murray, 1999, Frenzel et al., 2005). These
studies, however, did not take into account the impact of seawater carbonate chemistry.

Living benthic foraminiferal assemblages in Flensburg Fjord were first described by

Exon (1972). Some specimen of Ammonia aomoriensis from this area were reported as having thin
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or opaque shell walls and extremely corroded tests (Polovodova et al., 2009). In some cases, the
tests were completely destroyed and only the inner organic lining was left. Abrasion and predation
were considered as possible mechanisms for test destruction, but test dissolution due to fluctuated
pH has been suggested as the most likely cause for the corroded Ammonia tests in that area
(Polovodova and Schonfeld, 2008). Indeed, similar signs of test dissolution were observed, when
living specimen of Ammonia aomoriensis from Flensburg Fjord were exposed to elevated pCO,
levels from 929 to 3130 patm in a laboratory experiment (Haynert et al., 2011).

Natural CO.-rich habitats can serve as valuable examples for possible effects on calcifying
benthic community structures due to climate change (Hall-Spencer et al., 2008, Thomsen et al.,
2010). Our study site in Flensburg Fjord, SW Baltic Sea represents an adequate study area for
dynamic response of the foraminiferal fauna to elevated pCO,. The consequences of naturally
CO.-enriched environments on benthic foraminifera are not sufficiently studied to date.

The aim of this study was to investigate the response of the foraminiferal population
dynamics, as well as the variations of species composition and diversity to a high pCO, and low Q¢
conditions over a one-year cycle. The main focus was on two calcifying species,
Ammonia aomoriensis and Elphidium incertum. An effect of low sediment pore water carbonate

saturation on population density and test dissolution of this species was assessed.

1.2 Study Site and sampling

Flensburg Fjord, located in the southwest of the Baltic Sea (53°41°-55°00°'N,
9°24°-10°10°E), is a narrow and 50 km long inlet. The Fjord is subdivided into a 10—-20 m deep inner
fijord which extends from the city Flensburg to Holnis Peninsula. The area from Holnis Peninsula to
Neukirchen/Kragesand is a 18—20 m deep middle fjord. The 10-32 m deep outer fjord comprises

Soenderborg Bay, Gelting Bay and open waters to the east of Gelting Peninsula.
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Fig. 1. Map of study area of Flensburg Fjord (design by courtesy of Anna Nikulina, GEOMAR). Insert indicates the
location of study area within the SW Baltic Sea. Circles display sediment corer (FF1, FF4 and FF5) and water
chemistry stations (FF1—FF7). White squares indicate sampling stations PF16—19, PF16—21 and PF16—26 of
Polovodova et al. (2009) in June 2006.
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Sediment and water samples were taken from seven stations (FF1 to FF7) on six bi-monthly
cruises with R/V Littorina from June 2009 to April 2010 (Fig. 1). All seven stations (FF1 to FF7) were
monitored for water carbonate chemistry. Sediment cores for foraminiferal studies were taken from
stations FF1, FF4 and FF5. Station FF1 is located in a shallow near-coastal area, where sandy
bottoms prevail (Table 1). At stations FF4 and FF5 muddy sands were encountered (Table 1). The
cliff and submarine erosion are predominant sources for sediments, which are transported from the

east by long shore drift toward the outer Flensburg Fjord (Exon, 1971).

Table 1. Sampling stations in Flensburg Fjord: specification, sampling device, latitude and longitude, water depth in
metre, and sediment type at the corer stations (FF1, FF4 and FF5).

Station Specification Sampling device  Latitude [N] Longitude [E] Depth [m] Sediment type
FF1 Corer station MUC 54°50.50' 9°37.00 13 sandy mud
PF16-19 (Polovodova and Schénfeld, 2008)  Corer station Rumohr corer 54°50.20' 9°36.84" 10 sandy mud
FF2 Water chemistry staton ~ CTD 54°49.00' 9°43.00 18

FF3 Water chemistry station ~ CTD 54°50.00' 9°50.00' 27

FF4 Corer station MUC 54°47.02' 9°51.37" 13 muddy sand
PF16-21 (Polovodova and Schénfeld, 2008)  Corer station Rumohr corer 54°46.92' 9°51.26' 9 muddy sand
FF5 Corer station MUC 54°48.02' 9°53.05' 13 muddy sand
PF16-26 (Polovodova and Schénfeld, 2008)  Corer station Rumohr corer 54°48.28' 9°53.49" 8 muddy sand
FF6 Water chemistry station ~ CTD 54°47.00" 10°00.00' 22

FF7 Water chemistry staton CTD 54°46.00 10°10.00' 23

1.3 Materials and methods
1.3.1 Foraminiferal processing

The foraminiferal communities were studied from surface sediments from stations FF1, FF4
and FF5. Benthic foraminiferal samples were taken with a Mini Muc K/MT 410 corer equipped with
tubes of 60 cm length and 10 cm inner diameter. A plastic ring marked with 0.5 cm scale was used to
slice the uppermost one centimetre of the sediment core. A thin grey spatula was gently moved
between tube top and the plastic ring. The surface layer (0—1 cm) of sediment was safely removed
from the core and transferred with a spoon into 300 ml Kautex™™ wide-neck containers. The sediment
was preserved and stained with a Rose Bengal ethanol solution of 2 g I according to Lutze and
Altenbach (1991). Ethanol concentration was 94 %. Staining time was three weeks at minimum, to
ensure that the protoplasm was completely impregnated with Rose Bengal in all tests of foraminifera
that were living at the time of sampling.

In the laboratory, samples were first passed through a 2000 um screen in order to remove
molluscs shells and pebbles. Subsequently the samples were gently washed with tap water through
a 63 um sieve. The fractions 63—2000 ym and >2000 um fractions were dried at 60 °C for at least
24 h. The fraction 63-2000 uym was split by using an Otto (1933) microsplitter to obtain aliquots of a
manageable size. Subsequently, all size fractions were weighted and the fraction 63—2000 uym were
quantitatively analysed for living and dead foraminifera. All Rose Bengal stained foraminifera were

considered as living at the time of sampling, whereas unstained tests were considered as dead.
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Living and dead specimens were picked from the respective aliquots, sorted by species, mounted in
Plummer cell slides with glue, counted and measured. The dominant species were photographed by
using a scanning electronic microscope (Cam Scan-CS-44) at the Institute of Geosciences, Kiel
University.

In order to document the differences in test dissolution, foraminiferal tests were
photographed using a scanning electronic microscope (Cam Scan-CS-44) and an electron probe
microanalyser (Jeol JXA-8200 EPMA). Light micrographs were taken with a MiniPixie (MPX2051UC)
digital microscope. The tests of living A. aomoriensis were subdivided into three dissolution stages:

intact tests, dissolution of the last chamber, and dissolution of more than two chambers.
1.3.2 Carbonate chemistry

Temperature and salinity parameters of the surface and near-bottom water were recorded
using a CTD48M probe (Sea&Sun Technology) at all stations (Tables 2 and 3). At water chemistry
stations, samples for analyses of carbonate chemistry parameters were taken from the surface water
at 1 m depth on stations FF1 to FF7 (Table 2), near-bottom water from 1 m above sea floor was taken
at stations FF2, FF3, FF6 and FF7. Bottom water approximately 1 cm above the sediment surface
and sediment pore water from 0 to 5 cm sediment depth was only collected at foraminifera sampling
stations FF1, FF4 and FF5 (Table 3).

Surface and near-bottom water samples were taken using Niskin bottles and filled bubble
free into 250 or 500 ml Duran™ glass bottles. Samples were poisoned with 50 or 100 ul saturated
mercury chloride solution and stored at room temperature until analysis. Total alkalinity (Ar) and total
inorganic carbon (Cy) of the samples were measured by potentiometric titration using VINDTA
autoanalyser and coulometric titration after CO, extraction using the SOMMA system, respectively
(Mintrop et al., 2000, Dickson et al., 2007). Offset of total alkalinity (A1) and total carbon (Cr)
determinations (Tables 2 and 3) were assessed and corrected by measurements of certified
reference material (Dickson et al., 2003). Seawater pHygs, pPCO, and omega for calcite (Qcqc) were
calculated by using the CO2Sys-program developed by Lewis and Wallace (1998) (Tables 2 and 3).
Dissociation constants K; and K, were chosen according to Mehrbach et al. (1973) as refitted by
Dickson and Millero (1987) and the KHSO, dissociation constant after Dickson (1990).

Bottom water samples for carbonate system parameters were taken from the supernatant
water of Minicorer-tubes and filled directly into 20 ml PVC bottles. For sediment pore water analyses,
the sediment cores were sliced in 0.5 cm intervals up to 2 cm depth, below 2 cm the intervals were
1.0 cm up to 5 cm. Sediment samples from each interval were transferred to 50 ml centrifuge tubes
and centrifuged at 3000 rpm for 30 to 40 min in order to separate the sediment pore water from the
sediment. The extracted sediment pore water and the bottom water were transferred through 0.2 ym
steril filters into 20 ml PVC bottles. Bottom and sediment pore water pHygs were measured using a
WTW 340i with a precision of £0.01. The pH electrode was calibrated using standard buffer solutions
of pH 4.01, 7.00 and 10.00 (WTW standard, DIN/NIST buffers L7A). Subsequently, bottom and
sediment pore water alkalinity was determined with a Metrohm titration instrument according to

Ivanenkov and Lyakhin (1978). A greenish-brown Methyl-Red and Methylene-Blue indicator was
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added, and titration was performed with 0.02 M HCI and finished until a stable light pink colour
occurred. During titration, the sample was degassed by continuously bubbling nitrogen through the
solution in order to remove the generated CO, or H,S. The measured values were standardized
using an IAPSO seawater solution. The precision of the alkalinity measurements was 0.37 %. The
carbonate system parameters of bottom and sediment pore water, total carbon (C+), pCO, and
omega for calcite (Qqqc) Were calculated from measured pHygs and total alkalinity (At) according to
dissociation constants as specified above.

1.4 Results

1.4 .1 Temperature and salinity

Surface and near-bottom water temperature and salinity from stations FF1 to FF7 in
Flensburg Fjord were characterised by pronounced seasonal fluctuations, prevailing in the area of
the Baltic Sea. Temperature ranged from -0.9 to 20 °C at the surface and from -0.8 to 15.3 °C at the
bottom during the investigation period (Tables 2 and 3).

A stable thermocline from 7 to 8 m water depth stratified the water column between June and
August 2009. From December 2009 to April 2010, the water column was well mixed with a
temperature of 5 °C on average in both, surface and near-bottom water. The surface of Flensburg
Fjord was covered by floating ice in February, during that time the lowest temperatures were
observed, ranging from —0.9 to 1.1 in the surface and near-bottom water (Tables 2 and 3).

Mean salinity ranged from 13.3 to 21.1 at the surface, and 16.8 to 26.3 in the bottom water
(Tables 2 and 3). The salinity increased from the surface (15.7) to the near-bottom water (21.4),
caused a persistent pycnocline from spring to summer. Mixing in October caused a homogenous
salinity in the water column of approximately 22. A slight halocline in December caused again a lower
mean salinity of 18.1 in the surface and a higher value of 22.8 in the bottom water (Tables 2 and 3). In
February, the boundary layer between the surface and near-bottom water was dissipated and a

uniform salinity of 17 was observed.
1.4 .2 Carbonate chemistry

Carbonate chemistry measurements revealed a relatively stable surface pCO; during the
whole year (Fig. 2a). In contrast, pH and pCO, in the bottom and sediment pore water showed a high
variability during the seasonal cycle in Flensburg Fjord (Fig. 2b and c).

Surface pCO, (478 + 197 patm) was close to atmospheric levels with slightly lower values
during the spring bloom, similarly pH (8.13 + 0.15) was relatively high and stable (Table 2, Fig. 2a). In
general, the western Baltic Sea is characterized by a low salinity, ranging from 13 to 21, and
consequently a low alkalinity (A7) of 1821 to 2057 umol kg'1 prevailed in the surface water (Table 2).
Consequently, the calcium carbonate saturation state for calcite (Qgqc) was low in this area.
During the monitoring, we recorded a mean surface Qg of 1.84 + 0.70 in 2009 and 2010.
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Undersaturation of the surface water was observed in February, with Q... values ranging from 0.40
to 0.94 (Table 2).

Table 2. Flensburg Fjord surface seawater chemistry speciation 2009 to 2010 at the sampling stations (FF1—FF7).
Temperature and salinity were recorded using a CTD48M probe. Analyses for total alkalinity (A7) and dissolved
inorganic carbon (Cr) were measured by coulometric and potentiometric titration using SOMMA and VINDTA
systems. pHygs, carbon dioxide partial pressure (pCO.) and omega of calcite (Qc..) were calculated using the
CO2Sys-software.

Surface water

Station Temperature Salinity pHngs At Cr pCO; Qcac
[°C] [umol kg]  [umol kg™  [patm]

FF1 (1 m)

02.06.2009 16.0 15.8 8.24 1933.3 1820.3 368 2.62

18.08.2009 17.7 18.6 8.05 1973.8 1891.6 585 2.05

20.10.2009 10.3 211 8.10 2056.8 1975.0 492 1.93

07.12.2009 6.7 17.3 8.09 1972.9 1923.8 499 1.45

15.02.2010

19.04.2010 7.6 15.7 8.06 1900.4 1862.4 532 1.30
FF2 (1 m)

02.06.2009 15.9 15.6 8.23 1918.5 1810.0 375 2.54

18.08.2009 17.8 18.6 8.19 1988.2 1862.7 410 2.78

20.10.2009 10.9 20.8 8.03 2038.0 19724 575 1.70

07.12.2009 6.8 174 8.08 1980.3 1932.0 509 1.44

15.02.2010 -0.8 17.2 7.66 1904.8 1972.0 1249 0.40

19.04.2010 7.8 15.2 8.20 1889.1 1822.2 380 1.72
FF3 (1 m)

02.06.2009 16.3 154 8.21 1907.0 1805.4 398 2.42

18.08.2009 18.2 18.1 8.27 1976.8 1826.6 336 3.24

20.10.2009 10.7 20.7 8.10 2030.8 1948.1 484 1.93

07.12.2009 79 18.4 8.03 1982.4 1939.2 577 1.37

15.02.2010 -0.9 171 8.23 1952.5 1897.5 325 1.46

19.04.2010 7.4 15.0 8.30 1890.2 1800.5 294 2.10
FF4 (1 m)

02.06.2009

18.08.2009

20.10.2009

07.12.2009 7.8 18.6 8.03 1980.3 1936.5 576 1.37

15.02.2010 -0.8 171 7.78 1912.0 1950.6 941 0.53

19.04.2010 8.0 14.3 8.34 1882.2 1784.0 271 2.27
FF5 (1 m)

02.06.2009

18.08.2009

20.10.2009 10.7 20.7 8.09 2032.0 1954.2 502 1.88

07.12.2009 8.0 18.6 7.99 1980.0 1943.0 622 1.29

15.02.2010 -0.8 171 7.85 1949.6 1974.7 820 0.62

19.04.2010 7.3 14.9 8.22 1874.8 1805.0 355 1.76
FF6 (1 m)

02.06.2009 15.6 15.0 8.21 1881.6 1785.2 392 2.32

18.08.2009 18.6 17.0 8.29 1934.9 1787.9 325 3.23

20.10.2009

07.12.2009 79 19.0 8.08 1993.5 19355 507 1.57

15.02.2010 -0.8 16.8 8.25 1936.4 1877.9 307 1.50

19.04.2010 6.7 13.3 8.32 1830.2 1749.3 281 1.96
FF7 (1 m)

02.06.2009 14.5 15.1 8.22 1890.9 1796.0 385 2.28

18.08.2009 20.0 15.9 8.25 1893.9 1762.5 361 3.00

20.10.2009 10.8 19.9 8.23 1957.8 1845.9 346 2.37

07.12.2009 7.0 17.2 8.16 1926.1 1860.7 408 1.66

15.02.2010 -0.9 16.2 8.05 1903.7 1889.0 495 0.94

19.04.2010 6.7 13.9 8.12 1821.0 1781.7 455 1.29
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Table 3. Water chemistry parameters of the near-bottom water (1m above the sea floor) at stations FF2, FF3, FF6 and
FF7 and of the bottom water (1 cm above the sediment surface) at stations FF1, FF4 and FF5 from June 2009 to April
2010. Temperature and salinity were measured by CTD48M probe at all stations from FF1 to FF7. At stations FF1, FF4
and FF5, the bottom water pHygs were measured using a WTW 340i. Analysis of total alkalinity (A1) was determined
with a Metrohm titration instrument. Dissolved inorganic carbon (Cr), carbon dioxide partial pressure (pCO_), and
omega calcite (Q..c) were calculated using the CO2Sys-program. At stations FF2, FF3, FF6 and FF7, analyses for
total alkalinity (Ar) and dissolved inorganic carbon (Cr) were measured by coulometric and potentiometric titration
using SOMMA and VINDTA systems. pHygs, carbon dioxide partial pressure (pCO_) and omega of calcite (Qc.c) were

calculated using the CO2Sys-software.

Near-bottom and bottom water

Station Temperature Salinity pHnes At Ct pCO2  Qcalc
[°C] [umol kg™"] [umol kg"] [uatm]
Bottom water FF1 (13 m)
02.06.2009 13.2 19.9 7.63 23884 2385.6 1337  1.19
18.08.2009 14.6 20.0 7.54 21995 2213.7 1536 0.95
20.10.2009 10.5 21.0 7.29 2465.7 2581.7 3074 0.53
07.12.2009 9.1 21.5 7.84 2174.0 2126.6 700 1.51
15.02.2010
19.04.2010 5.7 18.7 7.86 2353.5 2322.2 739 1.41
Near-bottom water FF2 (18 m)
02.06.2009 7.2 21.2 7.86 2060.1 2046.6 857 1.04
18.08.2009 11.6 21.6 740 2079.7 21731 2661 0.45
20.10.2009 11.0 21.4 7.93 2073.6 2030.7 754 1.40
07.12.2009 9.2 23.0 7.98 2053.7 1998.2 631 1.52
15.02.2010 -0.8 17.2 8.03 19515 1938.3 529 0.94
19.04.2010 4.3 19.4 8.03 2023.9 1987.5 557 1.26
Near-bottom water FF3 (27 m)
02.06.2009 7.4 235 7.92 21233 2085.1 735 1.32
18.08.2009 11.1 234 745 21179 21931 2348 0.53
20.10.2009 13.2 23.4 7.49 2093.6 2149.8 2168 0.61
07.12.2009 9.0 24.0 8.02 2076.3 2006.2 568 1.70
15.02.2010 -0.2 17.5 8.08 1985.8 1958.9 478 1.1
19.04.2010 2.7 22.4 7.55 20224 2095.3 1631  0.45
Bottom water FF4 (13 m)
02.06.2009 15.1 20.4 7.52 2367.3 2350.3 1267 1.34
18.08.2009 12.8 211 743 2236.1 2283.7 1982 0.72
20.10.2009 11.2 22.4 721 2360.4 2491.4 3429 0.45
07.12.2009 8.6 24 1 7.85 2187.8 2131.2 673 1.60
15.02.2010 -04 16.8 7.81 1816.8 1823.3 634 0.70
19.04.2010 4.8 19.0 7.88 2234.5 2201.5 655 1.35
Bottom water FF5 (13 m)
02.06.2009 10.3 20.2 7.83 21255 2082.8 727 1.45
18.08.2009 15.3 19.8 7.47  2239.1 2270.8 1861 0.85
20.10.2009 11.9 21.6 7.29 2465.7 2573.0 3083 0.57
07.12.2009 8.8 20.9 7.81 2174.0 2138.9 769 1.36
15.02.2010 -04 16.9 7.94 1804.6 1784.3 465 0.98
19.04.2010 5.6 18.8 7.94 2374.9 2321.6 604 1.70
Near-bottom water FF6 (22 m)
02.06.2009 7.6 22.0 7.87 2070.3 2051.0 843 1.10
18.08.2009 11.2 23.8 7.50 21159 2175.3 2091 0.59
20.10.2009
07.12.2009 9.0 23.5 8.01 2056.1 19924 585 1.62
15.02.2010 -0.8 17.2 8.19  1960.1 1913.6 362 1.34
19.04.2010 2.9 214 7.68 2038.9 2081.0 1248 0.59
Near-bottom water FF7 (23 m)
02.06.2009 8.7 26.3 7.87 2082.3 20431 796 1.30
18.08.2009 11.9 22.9 7.46 2089.3 2161.3 2326 0.53
20.10.2009 13.4 24.7 8.00 1985.0 1904.1 588 1.84
07.12.2009 9.0 22.9 8.02 2050.6 1986.8 577 1.62
15.02.2010 1.1 18.6 7.96 19745 1964.2 624 0.93
19.04.2010 2.9 22.8 7.63 2072.0 2122.5 1379 0.56
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Stratification of the water column causes a strong COz-accumulation in the bottom water
during summer and autumn. Therefore, large seasonal fluctuations of pCO,, pH and Qg were
observed in the near-bottom and bottom water. One metre above the sediment, the mean
near-bottom water pCO, was 1120 + 82.86 patm. In comparison, the bottom water pCO, (1 cm above
sediment) increased to 1390 + 71.63 patm (Table 3). Highest pCO, levels reached up to 2000 yatm
during August in the near-bottom water and up to 3000 pyatm during October in the bottom water a
few cm above the benthic boundary (Table 3, Fig. 2b). This caused lowest pH values of 7.40 and
7.21 in the near-bottom and bottom waters during August and October (Table 3). After mixing of the
water column, pCO, decreased in winter to mean values of 550 + 65.44 and 657 + 132.07 patm
(Table 3). Similarly, mean pH showed the highest value of 7.91 in the near-bottom water and 7.85 in
the bottom water (Table 3). The calculated mean Q. values in the near-bottom water (1.08 + 0.07)
and bottom water (1.10 + 0.05) were low compared to surface Q.. and varied between the studied
stations (Table 3). The near-bottom and bottom waters of Flensburg Fjord were frequently

undersaturated for Q,c with a lowest value of 0.45 in August and October (Table 3).

Table 4. Seawater carbonate chemistry of bottom water (1 cm above the sediment surface) and sediment sediment
pore water (0—1 cm) at stations FF1, FF4 and FF5 during the one year cycle. Bottom and sediment pore water pHygs
were measured using a WTW 340i. Total alkalinity (Ar) was determined with a Metrohm titration instrument.
Dissolved inorganic carbon (Cy), carbon dioxide partial pressure (pCO,), and omega calcite (Q...c) were calculated
using the CO2Sys-software.

bottom  sediment bottom sediment bottom sediment bottom sediment bottom sediment
water pore water  water pore water  water pore water  water pore water  water pore water
0-1cm 0-1cm 0-1cm 0-1cm 0-1cm
Station pHnss pHyss Ar Ar Cr Cr pCO; pCO; Qcalc Qcalc
[umol kg™l [umolkg"] [pmolkg™] [umolkg™] [watm]  [uatm]
FF1
02.06.2009 7.63 7.52 2388.4 2684.3 2385.6 2716.3 1337 1968 1.19 1.07
18.08.2009 7.54 7.53 2199.5 2833.6 2213.7 2858.8 1536 2058 0.95 1.22
20.10.2009 7.29 7.54 2465.7 3576.4 2581.7 3623.9 3074 2433 0.53 1.38
07.12.2009 7.84 7.61 2174.0 2694.9 2126.6 2709.8 700 1512 1.51 1.15
15.02.2010
19.04.2010  7.86 7.54 2353.5 2610.3 2322.2 2668.7 739 1746 1.41 0.77
FF4
02.06.2009  7.52 7.36 2367.3 2726.6 2350.3 2806.8 1267 2965 1.34 0.80
18.08.2009 7.43 7.44 2236.1 2995.1 2283.7 3063.5 1982 2699 0.72 0.98
20.10.2009 7.21 7.69 2360.4 3062.2 2491.4 3050.2 3429 1709 0.45 1.76
07.12.2009 7.85 7.55 2187.8 2577.7 2131.2 2604.3 673 1631 1.60 0.99
15.02.2010 7.81 7.56 1816.8 2067.4 1823.3 634 1292 0.70 0.46
19.04.2010  7.88 7.43 2234.5 2861.0 2201.5 2972.4 655 2494 1.35 0.64
FF5
02.06.2009 7.83 7.69 2125.5 3281.1 2082.8 32741 727 1573 1.45 1.69
18.08.2009  7.47 7.60 22391 2496.7 2270.8 2494.8 1861 1545 0.85 1.29
20.10.2009 7.29 7.54 2465.7 3576.4 2573.0 3613.7 3083 2437 0.57 1.49
07.12.2009  7.81 7.70 2174.0 2740.2 2138.9 27311 769 1244 1.36 1.39
15.02.2010 7.94 7.61 1804.6 2494.0 1784.3 465 1593 0.98 0.63
19.04.2010 7.94 7.42 2374.9 3273.5 2321.6 3421.6 604 3324 1.70 0.78

The carbonate chemistry of the sediment pore waters strongly deviated from the conditions
in the water column. Sediment pore water pCO, from the depth-interval 0 to 1 cm, did not fluctuate as
strong as the bottom water. It was noticeable that the pCO, was high during the whole year and
ranged from 1244 to 3324 patm (Table 4, Fig. 2c). Mean sediment pore water pCO, of the 0—1 cm
depth-interval was 2013 £ 610 patm, pH (7.55 + 0.10) was lower, but more stable in comparison to
the water column (Table 4, Fig. 2c). In contrast, the pH-profile of the sediment pore water revealed

considerable fluctuations within the 1 and 5 cm depth interval, ranging from 6.82 to 8.11 (Fig. 3).
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Fig. 2. (A and B) surface water, near-bottom water, and bottom water pCO, at sampling stations from FF1 to FF7;
(C and D) sediment pore water pCO; and Q.. at stations FF1, FF4 and FF5 from June 2009 to April 2010.

Furthermore, the pH-fluctuations varied also between the sampling stations and during the seasonal
cycle. No trend was observed in the 5 cm depth-interval. Compared to the bottom water
Ar (2233 £190 pmol kg'1), the sediment pore water alkalinity was much higher
(2856 £ 400 ymol kg'1) which causes a relative high, slightly supersaturated Q. of 1.09 + 0.38
(Table 4, Fig. 2d). Only sediments at station FF4 were consistently undersaturated for Q. with the

lowest value of 0.46 in February (Table 4, Fig. 2d).
1.4 .3 Foraminiferal population density and species composition

Population density of the living foraminiferal fauna in Flensburg Fjord ranged from 15 to
223 ind. 10 cm™, on average 68 ind. 10 cm™. The abundance of dead specimens ranged from 16 to
454 tests 10 cm™, on average 127 tests 10 cm™. The assemblages consisted of six calcareous
species: Ammonia aomoriensis, Elphidium albiumbilicatum, Elphidium excavatum clavatum,
Elphidium excavatum excavatum, Elphidium gerthi and Elphidium incertum, and two arenaceous
species Ammotium cassis and Reophax dentaliniformis (Fig. 6). Foraminiferal faunas were
dominated by A. aomoriensis, E. incertum and A. cassis (Fig. 4). The specimens of common to rare
species, which were occasionally present in the foraminiferal assemblages, were combined to one
group, called “Other” (Tables 5 and 6).

Calculations of two diversity indices, Shannon-Wiener-Index and Fishers alpha, exhibited
low values at all stations which indicates a low diversity of living and dead assemblages. There is a
maximum of 8 species constituting the community. Hence, any changes in assemblages composition

will induce only insignificant differences of diversity.
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Fig. 3. Bottom and sediment pore water profiles of pHygs plotted vs. sediment depth (cm) at stations FF1, FF4 and
FF5 during the seasonal cycle (2009/2010).

1.4 .3.1 Living assemblages

Stations FF1 and FF5 showed a similar trend of population density and composition of living
species during the seasonal cycle (Fig. 4). FF1 is located in the middle part of the fjord, where the
sediment consists of sandy mud, whereas station FF5 is located in the outer fjord of Flensburg where
muddy sand prevailed (Fig. 1). Maximum numbers of 101 and 129 ind. 10 cm™ were observed in
October at stations FF1 and FF5, when A. aomoriensis was frequent with 49 and 72 % (Fig. 4,
Table S1 in the supplement). At station FF1, A. aomoriensis was also frequent in April with 61 %, and
it was common with 17 % in August. Elphidium incertum dominated with 52 and 48 % during summer,
and A. cassis was rather rare with 1 % (Fig. 4, Table S1 in the supplement). In contrast, E. incertum
was the dominant species with 34 % on average during the whole year at station FF5 (Table 5). The
arenaceous species A. cassis was very frequent in August and in February with 63 and 37 %
(Table 5). At station FF4, which was also located in the outer Fjord, E. incertum was the dominant
species during the whole year and showed a maximum of 94 % in April. In comparison,
A. aomoriensis was rare, ranging from 0 to 9 % (Fig. 4). A. cassis achieved maximum proportions of
36 % in December (Table 5).
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1.4 .3.2 Dead assemblages

During the whole investigation period (except of June at FF4 and FF5), A. aomoriensis
dominates the dead assemblages at stations FF1, FF4 and FF5 with 62, 46 and 39 % on average
(Table S1 in the supplement, Fig. 4). At station FF1, abundance of dead foraminifera was
consistently higher ranging from 118 to 454 tests 10 cm™ in comparison to the other stations. At
station FF1, E. incertum was common with 14 %, and A. cassis was very rare with 0.4 % on average
throughout the year (Fig. 4). In contrast, E. incertum was common at stations FF4 and FF5, and
depicted maximum values in February and April with 42 % on average at station FF4 (Table 6). The
arenaceous species A. cassis was frequent with 50 % in June at station FF4, otherwise it was rare

with 2 % on average at station FF5 (Table 6).
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Fig. 4. Proportions and abundance of living and dead benthic foraminiferal species at stations FF1, FF4 and FF5 from
June 2009 to April 2010. The bars present the population density and abundance of the living and dead fauna. Pie
charts indicate the percentages of dominant species (Tables 5 and 6). Sediment pore water pCO in Flensburg Fjord
is displayed by white triangles.

1.4 .4 Co-variance of population density with respect to carbonate chemistry

The living and dead foraminiferal assemblages fluctuated seasonally. In particular the
population density of the living fauna suggests a certain co-variance with pore water pCO,. However,
scale and magnitude of the fluctuation in both parameters revealed that the population density was
not directly affected by changing pore water pCO,, respectively Qg (Fig. S1 in the supplement).

We tested the co-variance of the arenaceous species A. cassis and saturation state, but no

correlation was recognised. The data provided no evidence that A. cassis could be affected by
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changing carbonate chemistry. Therefore, we will focus on the calcareous species, which directly
respond to changes of the carbonate chemistry.

Living calcareous A. aomoriensis and E. incertum revealed mean population densities of
16ind. 10 cm™ and 33 ind. 10 cm™. No correlation with the sediment pore water pCO, was
recognised, neither in the living assemblages (Fig. 5), nor in the dead assemblages (Fig. S2 in the
supplement). Furthermore, mean test diameter of living and dead A. aomoriensis also exhibited no

relationship between test size and pCO, (Table S2 in the supplement).
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Fig. 5. Population density of living A. aomoriensis (A and B) and E. incertum (C and D) vs. sediment pore water Q.
(A and C) and pCO; (B and D). The different symbols present stations FF1, FF4 and FF5 during the one year cycle.

In contrast to pCO,, population densities of living A. aomoriensis showed a co-variance with
saturation state Q... Mean population density was comparatively low (5 ind. 10 cm_3) when
undersaturated conditions from 0.46 to 0.99 prevailed (Fig. 5). It was noticeable that station FF4
exhibited undersaturated conditions in sediment pore waters with an Q. between 0.46 and 0.99
during the whole year, with the exception of October with Q. of 1.76 (Table 4). During that time
however, A. aomoriensis showed the lowest populations density of 3 ind. 10 cm™ (Fig. 5; A). By
comparison, stations FF1 and FF5 were most of the time supersaturated for Q.. from 1.07 to 1.69
(Table 4), and revealed mean population densities of 19 ind. 10 cm™ and 35 ind. 10 cm™,

respectively (Fig. 5; A).
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In contrast, the population density of E. incertum showed no co-variance with sediment pore
water Qg.. Under supersaturated Q.. conditions, the mean population density was lower with
15ind. 10 cm™, in comparison to undersaturated values of Qg with a population density of

53 ind. 10 cm™2, on average (Fig. 5; C).
1.4 .5 Tests of living calcareous foraminifera
The test walls of the dominant calcareous species A. aomoriensis and E. incertum were

examined. Different stages of tests of A. aomoriensis were classified as (1) intact tests (Fig. 6: 2), (2)

dissolution of the last chamber (Fig. 7a: 4) and (3) dissolution of more than two chambers (Fig. 7a: 5).

0 100 200 300 ym

Fig. 6. Benthic foraminifera from Flensburg Fjord. 1 Elphidium albiumbilicatum: spiral (1) and apertural (1a) views; 2
Ammonia aomoriensis: spiral (2), umbilical (2a) and detailed view of the test wall (2b); 3 Elphidium gerthi: spiral
view; 4 Elphidium excavatum clavatum: spiral (4), apertural (4a) and detailed view of the suture of two chambers
(4b); 5 Elphidium excavatum excavatum: spiral (5), apertural (5a) and detailed view of the suture of two chambers
(5b); 6 Ammotium cassis: top view; 7 Reophax dentaliniformis: top view; 8 Elphidium incertum: spiral (8) and
apertural (8a) views.
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Sixty four percent of the tests of living A. aomoriensis were intact and had a smooth and shiny
surface, which was recognized in all samples during the one-year cycle (Fig. 6: 2). However, the
remaining A. aomoriensis specimens exhibit different stages of test dissolution. At stations FF1 and
FF5, 33 and 29 % of A. aomoriensis specimens exhibited dissolution of the last chamber. Dissolution
of more than two chambers was observed in 4 and 13 % of the living specimens. All chambers were
decalcified and in few individuals, only the inner organic lining was left.

In contrast, living E. incertum displayed no signs of dissolution. Occasionally, the last
chambers of E. incertum were broken, which indicates impacts of mechanical forces, probably during
sampling or processing (Fig. 7b: 6).

Furthermore, some test walls of living A. aomoriensis exhibited recalcified structures
(Fig. 7b: 1=-3). This recalcification was usually characterised by test deformities such as an irregular
test shape (Fig. 7b: 2-3). The walls of the chambers were not completely covered by a newly formed
calcite lamella, which indicated a fragmentary precipitation of calcite from the external to the internal
test walls (Fig. 7b: 2). Old or compact and young or thinner chambers showed the same porosity
(Fig. 7b: 2).
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Fig. 7. (A): Three stages of preservation of living A. aomoriensis: intact tests, dissolution of the last chamber and
dissolution of more than two chambers. Bars indicate the percentage of total species number of A. aomoriensis
(Table 5) from June 2009 to April 2010. The number of counted A. aomoriensis specimens is present above each bar.
(B): Subjacent SEM (1), EPMA (2) and light micrographs (3—6) of A. aomoriensis and E. incertum tests from
Flensburg Fjord from Station FF5 in June 2009. 1-5 A. aomoriensis: detailed view of irregular test shape (1), spiral
(2, 3 and 5) and umbilical (4) views of recalcifying (2 and 3) and dissolved tests (4 and 5). 6 spiral view of E. incertum
with intact test, last chamber was broken.

Published in: Biogeosciences 9: 44214440, doi:10.5194/bg-9-4421-2012, 2012.



I1l. Publications and manuscripts 67

1.5 Discussion
I.L5.1 Carbonate chemistry in Flensburg Fjord

Whereas, the surface pCO, of Flensburg Fjord is close to the atmospheric CO,
concentrations, bottom water conditions were much more variable during the seasonal cycle. This
seasonal variability of the carbonate chemistry is also found elsewhere in near coastal marine
systems (Borges and Frankignoulle, 1999, Borges et al., 2006, Provoost et al., 2010, Thomsen et al.,
2010, Hofmann et al., 2011).

These natural fluctuations are common in eutrophicated coastal habitats and estuaries
(Diaz and Rosenberg, 2008, Conley et al., 2009, Nikulina and Dullo, 2009, Thomsen et al., 2010,
Melzner et al., 2012). Furthermore, carbonate chemistry of the sediment pore water, especially in the
living benthic foraminiferal habitat from 0—1 cm, strongly deviated from the conditions in the bottom
water. Sediment pore water exhibited perennial high pCO, values ranging from 1244 to 3324 patm.
This is a consequence of Ct accumulation in the hypoxic water column and the surface sediments by
aerobic processes. In contrast, in the deeper, anoxic sediments anaerobic bacterial decay of organic
matter leads to production of metabolic bicarbonate (HCO3') by nitrate and sulfate reduction and an
increase of At (Yao and Millero, 1995). Whereas the HCOj3; remains in the sediments, the gaseous
end products H,S or N, are either degassing or are bound as iron sulphides (Kristensen et al., 1998,
Thomas et al., 2009).

The Ag in the surface waters ranges from 1800 to 2100 pmol kg'1 and thus is slightly lower
than the buffer capacity of bottom water A; (1800-2500 pumol kg'1). However, the sediment pore
water habitat of the benthic foraminifera exhibited a much higher alkalinity ranging from 2000 to
3500 pmol kg_1. Remineralisation products cause Ct and At enriched sediment pore waters and an
enhanced CO, buffer capacity (Thomas et al., 2009). Consequently, Q.. of the sediment pore
waters was much higher than in the water column for most of the year. In contrast to stations FF1 and
FF5, Q., of station FF4 was undersaturated during most of the year. Both stations, FF4 and FF5, are
located in Gelting Bay and have the same sediment, which is muddy sand. However, even slight
differences in the sediment composition might cause different remineralisation processes
(Kristensen et al., 1998, Asmus et al., 1998a,b), which could explain the Q. undersaturation at
station FF4.

1.L5.2 Foraminiferal community

The population density of the living assemblages showed fluctuations which can be
attributed to the seasonality of food supply and degradation of organic matter (Schonfeld and
Numberger, 2007a). In particular, high values of food supply during April and October could mirror
spring and autumn blooms. The subsequent flux of algal debris to the sea floor is the dominating
parameter structuring the population density and species composition of benthic foraminiferal
faunas (Altenbach et al., 1999, Morigi et al., 2001, Gooday, 2003). As such, it is conceivable that
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enhanced influx of organic matter provided sufficient food for a rich benthic community in Flensburg
Fjord.

The composition of living and dead assemblages showed no correlation with pCO,,
respectively Q... This infers that either no extensive mortality occurred or dissolution of shells is
prevented by the relative high carbonate saturation. Further, any shell loss of dead assemblages due
to dissolution in seasonal undersaturated sediment pore waters was instantly compensated for by
the delivery of empty tests from the living population through manifold reproduction.

In this study, we observed that living A. aomoriensis was frequent in muddy sediments at the
middle station FF1 of Flensburg Fjord during the entire period of investigation. Only in October 2009,
A. aomoriensis was dominant in muddy sands at the outer Fjord station FF5. This occurrence peak
was possibly related to a favourable calcite saturation state at this location in October. Furthermore,
oxygen and nutrient input could also favour an increase in population densities of A. aomoriensis
(Polovodova et al.,, 2009). Also at the middle Fjord station FF1, the population density of
A. aomoriensis varied apparently during the seasonal cycle. On the other hand, station FF4 in
southern Gelting Bay showed a noticeable low population density of A. aomoriensis. This part of
Flensburg Fjord was reported as a quiet area with low mixing events in the water column
(Exon, 1971). Therefore, seasonal stratification and respiration in the deeper water causes hypoxic
zones and carbonate undersaturation, which could influence the survival and calcification of
A. aomoriensis. The oxygen depletion could also promote the low Ammonia population densities at
station FF4 (Alve and Nagy, 1986, Buzas-Stephens and Buzas, 2005, Polovodova and
Schonfeld, 2008), even though sufficient food is available.

The low-oxic conditions would also explain the dominance of E. incertum living in the
uppermost sediment layer during the whole year at station FF4. Elphidium incertum has been
described as an intermediate-infaunal species, which dwells in the sediment down to 3—6 cm depth
(Linke and Lutze, 1993). Under unfavorable oxygen conditions, this species moves into the
uppermost sediment layers (Wefer, 1976). In the current study, living E. incertum showed irregular
spatial and temporal fluctuations in Flensburg Fjord. Higher population densities of E. incertum were
observed in the middle Fjord station FF1 in June and in the outer Fjord station FF5 in April. The
southern station FF4 in Gelting Bay, however, showed highest population densities of E. incertum in
June and in April. Previous studies described that the reproduction of E. incertum preferentially takes
place after phytoplankton blooms, which deliver high amounts of suspended organic particles to the
sediment surface (Altenbach, 1985, Gustafsson and Nordberg, 1999). Indeed, we observed a dense
layer of filamentous algae covering the sediment surface at all stations in June 2009. This algal mat
probably induced and sustained the dense population of E. incertum in June, whereas the high and
even rising population density in April was caused by the late spring diatom bloom in 2010
(Smetacek, 1985, Schonfeld and Numberger, 2007b).

The arenaceous species A. cassis was only common in the central and open parts of the
outer Flensburg Fjord, where muddy sand prevailed. A higher number of living A. cassis was
observed in October and December at station FF4. This transient peak correlated with the highest
salinity values of 22.3 and 24.1 recorded at this station. It has been detected that the ability of
A. cassis to live in the SW Baltic Sea is controlled by salinity (Lutze, 1965). A rising salinity due to
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decadal, massive saltwater inflows from the Kattegat had led to increasing abundances of A. cassis
in Kiel Bight during the following years (Schonfeld and Numberger, 2007a, Nikulina et al., 2008).
A further important process, which influenced the reproduction of A. cassis was the availability of
food particles, in particular their enrichment at hydrographic boundary layers and at the sediment
surface bathed by these internal nepheloid layers (Wefer, 1976, Olsson, 1976). Given these
favorable conditions, A. cassis bloomed and dominated the foraminiferal assemblages in August at
station FF5.

11.5.3 Comparison with earlier findings

Polovodova et al. (2009) took sediment samples in June 2006 and described the recent
living foraminiferal distribution in Flensburg Fjord. Three of the sampling stations were adjacent to
our stations in June 2009. The comparison of both data sets revealed changes in living faunal
composition within three years (Fig. 8).

Station PF16-19 of Polovodova et al. (2009) was closely located to our station FF1. Both
stations showed a similar species composition, 18 % A. aomoriensis and 57 % E. incertum in June
2006 and 15 and 52 % in June 2009, respectively (Fig. 8). This similar species proportions revealed
that the environmental setting did not change substantially between 2006 and 2009 at station FF1 in
the middle Fjord.

June 2006 June 2009

Station PF16-19 Station FF1

4

Station PF16-21 Station FF4

Station PF16-26 Station FF5

mm Ammonia aomoriensis
mmmm Elphidium incertum
= Ammotium cassis
r—= Other

Fig. 8. Comparison of living benthic assemblages between the years 2006 and 2009.
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Polovodova et al. (2009) stations PF16-21 and PF16-26 are close to our outer Fjord
stations FF4 and FF5. From June 2006 to 2009, stations PF16—21 and FF4, and PF16-26 and FF5
showed a distinct faunal change. Living A. aomoriensis was dominant with 70 % (station PF16—-21)
and 94 % (station PF16-26), whereas in 2009 living E. incertum dominated with 78 % at station FF4
and was common at FF5 with 21 % (Fig. 8). Furthermore, a small population of A. cassis was
observed before June 2009. This species comprised 6 % at station FF4 and 1 % at FF5.

On the one hand, this faunal change could reflect the year-to-year variability in parameters
like salinity, food supply and oxygen content. The relationship with these parameters was
documented for A. beccarii, E. incertum and A. cassis in previous studies (Wefer, 1976,
Polovodova et al., 2009).

On the other hand, it is known that benthic foraminifera reveal irregular distribution pattern on
the sea floor (Ellison et al., 1986, Schafer, 1973). The degree of patchiness varies, for instance a
clumped distribution of many species reflects reproduction events (Buzas, 1968). Patchy
colonization is a combination of many factors such as sediment composition (Bernstein et al., 1978,
Bernstein and Meador, 1979) or microhabitat specialisation (Jumars, 1975). Patchiness of
foraminiferal assemblages might play a certain role in the observed differences between the years

and stations.

I.5.4 Response of living calcareous foraminifera to undersaturated Q,c

It is expected that foraminifera will respond negatively to ocean acidification (Cigliano et al.,
2010, Haynert et al., 2011). Some laboratory studies revealed hampered calcification and decreased
survival at elevated pCO, (Le Cadre et al., 2003, Kuroyanagi et al., 2009, Allison et al., 2010,
Haynert et al., 2011, Fujita el al., 2011), whereas other studies showed no significant change of
calcification under simulated future pCO, scenarios (Dissard et al., 2010, Mclntyre-Wressnig et al.,
2011).

Population density of living A. aomoriensis, one of the dominating calcifying species,
co-varies with sediment pore water undersaturation of Q... This finding is in agreement with
observations from the laboratory, where mean test diameter of A. aomoriensis decreases in
treatments with Q.,.<1, by up to 22 % (Haynert et al., 2011).

In contrast, the fithess and survival of the symbiont-bearing benthic foraminifera
Amphistegina gibbosa and Archaias angulatus were not directly affected by elevated pCO, up to
2000 patm (Mclintyre-Wressnig et al., 2011). But it is important to note that during the whole six week
incubation time, Q.. was supersaturated ranging from 5.4 to 1.5. These results confirm our in
conclusion that living foraminifera are adapted to high pCO, levels, but respond most sensitive to an
undersaturation of Qc,ic.

Furthermore, a previous study has been shown that Ammonia tepida revealed the highest
calcification and survival rates at undersaturated conditions (Q<1) (Dissard et al., 2010). These
results emphasise the need to understand the biological control of the calcification process in

different foraminiferal species.
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To date, only a low number of field studies investigated the response of calcifying organisms
in natural CO,-rich habitats. At CO, vents off Ischia (Italy), settlement and overall abundance and
species richness of benthic foraminifera was significantly decreased at the low pH (7.08) site, which
was undersaturated with respect to calcite (Qcac = 0.75) (Cigliano et al., 2010). In contrast, the
current study exhibited that calcareous benthic foraminifera from Flensburg are able to survive and
continue calcification under high pCO, and low pH values throughout the year. This infers no
relationship between high pCO,-levels and the calcification process itself.

Differences between Flensburg Fjord and Ischia might be explained by higher, slightly
supersaturated Q. values in the sediment of Flensburg Fjord. In contrast, high pCO, cause
undersaturated conditions in the open seawater at Ischia. Nevertheless, the saturation state itself,
neither pCO. nor pH, seems to be the parameter which has an intense effect on calcification and test
integrity of benthic foraminifera. Therefore, it needs to be considered that foraminifera may not be
subjected to undersaturation within sediments, which might cause a much lower vulnerability to

increased atmospheric pCO, as observed in the Ischia study (Cigliano et al., 2010).

I.5.5 Test dissolution

Biogenic calcification is expected to be highly affected by ocean acidification. Our study in
Flensburg Fjord revealed no general impairment of calcification of living benthic foraminifera in a
naturally CO,-rich coastal environment. Only in undersaturated water dissolution features were
observed, but the response was clearly species specific. For instance, E. incertum did not exhibit any
signs of dissolution, whereas A. aomoriensis showed several stages of test corrosion.

Similar dissolution features were observed in marginal marine foraminifera from several
settings: Sandebukta, Nueces Bay, Flensburg Fjord and Cleveland Bay (Alve and Nagy, 1986,
Buzas-Stephens and Buzas, 2005, Polovodova and Schénfeld, 2008), and on estuarine foraminifera
from South Alligator River (Wang and Chappell, 2001). All these dissolution phenomena may have
different background reasons inferred by anthropogenic or natural conditions (Le Cadre et al., 2003).
Abrasion and predation were suggested by different authors as forces, which may act independently
or amplify the foraminiferal shell loss (Bradshaw, 1957, Martin et al., 1995, Alve and Murray, 1999,
Polovodova and Schdnfeld, 2008). However, we observed similar stages of dissolution in a previous
laboratory study with manipulated carbonate system. The experiment results supported our
hypothesis of calcite undersaturation as the major reason for dissolution of A. aomoriensis tests, also
in Flensburg Fjord (Haynert et al., 2011).

In Flensburg Fjord, we observed recalcification structures on tests of A. aomoriensis, which
are explained by seasonal fluctuations of Q.. in the sediment pore water. After periods of Q.,<1,
A. aomoriensis are seemingly able to rebuild their shell when Q. returns to a supersaturated state
>1. The same has been observed on tests of Ammonia beccarii, which begin to recalcify when pH
was increased after a period of low pH levels (Le Cadre et al., 2003). The recalcification begins
between the septal walls or around protruding cytoplasmic masses. Such a “repair” commonly leads

to development of morphological abnormalities (Stouff et al., 1999, Le Cadre et al., 2000). Abnormal
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tests of foraminifera were also observed in Rio Una (Brazil), resulting from natural periodical
acidification (Geslin et al., 2002).

In order to investigate, whether dissolution and recalcification had an influence on the growth
of the specimens during their entire lifespan, we measured the size distribution in a specimen of
A. aomoriensis. The diameter of living and dead A. aomoriensis ranged in average from 306 pm in
minimum up to a maximum of 461 um. Mean diameter of the dead assemblage ranged from 269 um
in minimum up to a maximum of 433 um. The sizes of A. aomoriensis are in good general agreement
with populations from North Sea tidal flats (Hazeleger, 2010) in Quarternary sediments from the
Dead Sea Rift, Israel (Almogi-Labin et al., 1995). Size distribution histograms differ between the
successive sampling dates. Large proportions of small-sized tests or single modes usually indicate
reproduction events (Swallow, 2000). In Flensburg Fjord, increase in size from one sampling event to
another was not recognised. This can be regarded as corroborating evidence for generation times
shorter than 88 days as reported by Bradshaw (1957, 1961). This infers that every A. aomoriensis
population has to be regarded individually in the context of the environmental factors prevailing at the
particular station about a couple of weeks before sampling. Therefore, certain foraminiferal species
seem to cope much better with undersaturated conditions than others, which may eventually lead to
future shifts in community structure.

Test dissolution in foraminifera is also known from the geological record (Alve, 1995, 1999).
Elphidium incertum showed a higher resistance to undersaturation of Q. in comparison to
A. aomoriensis. Therefore, A. aomoriensis would be the better proxy for ocean acidification in the
past. According to our results, calcification and recalcification of A. aomoriensis is a response to the
environmental stress induced by changes in Qg High proportions of corroded tests of
A. aomoriensis in sediment cores could indicate variations in ecological parameters, in particular
elevated environmental stress. Therefore both, morphological abnormalities as well as dissolution

features, might be useful proxies in paleoenvironmental reconstructions (Geslin et al., 2002).
1.5.6 Impact of rising atmospheric CO, on the carbonate chemistry of a coastal habitat

Future ocean acidification will amplify pCO, levels, especially in hypoxic water masses
(Brewer and Pelzer, 2009, Melzner et al., 2012). Already today, low [CO4] are encountered in the
habitat of Flensburg Fjord. Additional CO, will cause further increases of seawater pCO, and
lowering of CO3> (Melzner et al., 2012). According to our calculations, increasing CO, levels will also
cause a strong increase of sediment pore water (0—1 cm) pCO, by about 1500 patm to mean values
of 3550 + 780 patm (Fig. 9). At the same time, pH and Q. will decrease to mean values of
7.42 £ 0.08 and 0.59 + 0.20 (Fig. 9). This would lead to a constant undersaturation of sediment pore
water Q¢ during the whole year cycle (Fig. 9).

In consequence of increasing atmospheric CO, concentrations, a much higher pCO,
increase is expected for seasonal hypoxic habitats such as Flensburg Fjord, in comparison to open
ocean environments. Elevated pCO, or low pH may have not led to any drastic change of the benthic
foraminiferal community structure yet. However, it is no doubt that certain species, in particular

A. aomoriensis, have already exhibited high sensitivity to undersaturated states of present-day
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environment. In the future, more adverse conditions may lead to a strong decline in A. aomoriensis
population density.

More tolerant calcareous species, such as E. incertum, may potentially dominate the benthic
foraminiferal communities under future elevated pCO, conditions. This shift will eventually lead to
changes in the benthic foraminiferal communities of Flensburg Fjord. The same will probably apply to

other regions too, which are going to experience naturally undersaturated Q. levels.
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Fig. 9. Present (white symbols) and future (black symbols) sediment pore water (0—1 cm) pCO, (A) and Q.. (B) at
stations FF1, FF4, and FF5. Future sediment pore water pCO, and Q... were replotted from Table 4 and calculated
after addition of 100 pmol kg™ C; to Cr from Table 4.

Furthermore, planktonic foraminifers also precipitate thinner test walls at reduced carbonate
ion concentrations and higher atmospheric CO, levels (Spero et al. 1997, Bijma et al., 1999,
Moy et al., 2009, Manno et al., 2012). Therefore, calcareous planktonic foraminifera in the water
column may be more affected by the future pCO, increase in comparison to benthic foraminifera
living in the surface sediments. The reduction of calcification of planktonic foraminifera may have a
considerable impact on global carbonate production. At present, planktonic foraminifera export
2.9 Gt CaCO; per year from the photic zone on a global scale (Schiebel, 2002), whereas calcareous
benthic foraminifera in neritic environments produce 0.1 Gt yr'1 (Table S3 in the supplement). This
rate is about a magnitude lower than pelagic carbonate production. However, facing a future
reduction in the export production of planktonic foraminifera, we may expect a relative increase of
shallow-water benthic foraminiferal carbonate precipitation and thus a shift from pelagic to neritic
carbonate production.

1.6 Conclusions

The present study is based on monitoring of the benthic foraminiferal assemblages in a

naturally CO,-rich coastal habitat of Flensburg Fjord. Bottom and sediment pore water pCO, showed
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large seasonal fluctuations and sediment pore water pCO, was constantly high during the entire
year. Nevertheless, as a consequence of higher alkalinity (A1), the sediment pore water was often
supersaturated with respect to calcite. These observations indicate that the benthic community was
subjected to high pCO..

The living and dead foraminiferal assemblages fluctuated seasonally but showed no direct
relationship with sediment pore water pCO,, respectively Q... Instead, the population density of the
living fauna showed fluctuations which can be attributed to the seasonality of food supply and organic
matter degradation.

The population density of A. aomoriensis, one of the dominant calcifying species, co-varies
with sediment pore water undersaturation of Q.. In contrast, the co-occurring calcareous species
E. incertum shows no relationship to Q<1. Also the dissolution response of the foraminiferal tests
differs between the two species. Whereas E. incertum displays no signs of test dissolution,
A. aomoriensis shows different stages of test dissolution. Test dissolution of A. aomoriensis could
indicate environmental stress, such as undersaturation of Q... Therefore, dissolution features offer
useful poxies for paleoenvironmental reconstructions.

The calculated future sediment pore water acidification in Flensburg Fjord is much higher
than expected for the global ocean. We conclude that benthic foraminifera are relatively tolerant to
current high pCO, conditions in Flensburg Fjord, which suggest that elevated pCO,-levels do not
lead to a drastic change in the foraminiferal communities. The modeled, future change of sediment
pore water chemistry towards low, undersaturated Q.,c, however, might increase the mortality of the
dominating species A. aomoriensis, which will ultimately lead to changes in benthic foraminiferal

communities for Flensburg Fjord.
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Supplements

TableS1. Population density and abundance of the living and dead dominant species: A. aomoriensis, E. incertum
and A. cassis at station FF1, FF4 and FF5.

Living
Station Species June August October December February April
(ind. 10 cm™) 02.06.2009 18.08.2009  20.10.2009  07.12.2009 15.02.2010 19.04.2010
FF1 Ammonia aomoriensis  10.1 10.6 491 8.0 141
Elphidium incertum 20.7 30.1 4.5 2.8 3.3
Ammotium cassis 0.0 0.0 0.0 0.0 0.2
FF4 Ammonia aomoriensis 7.7 4.0 0.4 0.9 0.6
Elphidium incertum 71.5 22.8 11.2 11.7 44.6 209.4
Ammotium cassis 5.1 0.4 3.0 7.2 3.3 13.6
FF5 Ammonia aomoriensis  22.3 3.4 93.3 19.7 1.4 3.5
Elphidium incertum 30.9 12.3 5.9 154 11.3 48.0
Ammotium cassis 1.7 30.2 0.0 0.3 8.2 7.6
Dead
Station Species June August October December February April
(tests 10 cm™) 02.06.2009 18.08.2009  20.10.2009  07.12.2009 15.02.2010 19.04.2010
FF1 Ammonia aomoriensis  138.9 270.1 79.2 131.2 75.4
Elphidium incertum 35.2 85.0 141 21.9 13.1
Ammotium cassis 1.6 29 0.0 1.0 0.2
FF4 Ammonia aomoriensis 2.6 8.5 28.0 79.6 10.6 19.0
Elphidium incertum 2.6 0.4 10.8 5.9 10.6 21.8
Ammotium cassis 15.3 2.7 12.4 2.5 25 54
FF5 Ammonia aomoriensis 5.1 78.0 34.1 29.0 54.3 64.7
Elphidium incertum 12.0 38.3 4.4 10.2 39.8 36.9
Ammotium cassis 1.7 1.7 0.0 0.6 53 21
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Table S2. Mean test diameter of living and dead A. aomoriensis from June 2009 to April 2010.

A. aomorienis Station June August October December February April

[um] [Um] [Um] [um] [um] [Um]

Living FF1 415 393 385 378 392
FF4 308 328 388 306 325

FF5 372 385 461 419 404 363

Dead FF1 430 373 376 419 392

FF4 400 269 375 308 369 357

FF5 433 412 420 396 426 384
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Table S3. Foraminiferal and total carbonate production, loss and accumulation on a global scale. Data sources are
given in brackets.

Benthic Total

Planktonic foraminifera foraminifera Carbonate

Coral reef environments: 0.04 Gt yr' (4)
Non-carbonate shelves: 0.03 Gt yr" (5)
Other shelf environments: 0.03 Gt yr' (6)
Total neritic: 0.1 Gt yr™ (13)

Slopes and deep sea: 0.33 Gt yr' (7)

5.8 Gtyr" (8)

Production 1.3-3.2, on average 2.9 Gt yr' (1)
5.7 Gtyr" (9)

1.2Gtyr'(2,3)

Neritic: 75 % (11)
Loss 75 % (1) Reef environments: 13 % (4) Slopes: 40 % (11)
° Neritic: >95 % (10) Deep Sea: 55 % (11)
Total: 40 % (11)

Coral reef environments: 0.035 Gt yr'1 (4)
Non-carbonate shelves: 0.002 Gt yr' (13)
Accumulation 0.4 —0.9 Gtyr" (1) Other shelf environments: 0.0075 Gt yr' (13)
0.83 Gtyr' (12) Total neritic: 0.045 Gt yr' (13)
Slopes and deep sea: 0.15 Gt yr' (13)
Total benthic foraminifera: 0.2 Gt yr” (2)

3.2Gtyr" (11)

Sources: (1) Schiebel (2002), (2) Langer (2008), (3) probably export from the near surface ocean, (4) Langer et al. (1997), (5)
0.1 — 3, for deeper parts on average 2 g CaCO; m? yr' Wefer and Lutze (1978) at 15.3 x 10° km? Milliman (1993, his Table 1),
(6) assigned to “Banks/Bays” by Milliman (1993) with the same carbonte production as non-carbonate shelves, (7) total
accumulation of 0.2 Gt yr" minus (2) neritic accumulation plus loss due to pelagic export or dissolution, (8) Milliman et al.
(1999), (9) Milliman and Droxler (1996), (10) Wefer and Lutze (1978), (11) Milliman (1993), (12) Catubig et al. (1998), (13) own
calculations from the above figures.
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Fig. S1. Proportions and abundance of living and dead benthic foraminiferal species at stations FF1, FF4 and FF5
from June 2009 to April 2010. The bars present the population density and abundance of the living and dead fauna.
Pie charts indicate the percentages of dominant species (Table 5 and 6). Pore water Q. in Flensburg Fjord is
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Abstract

The present study investigated the combined effects of ocean acidification, temperature and
salinity on growth and test degradation of Ammonia aomoriensis. This species is one of the
dominating benthic foraminifera in near-coastal habitats of the southwestern Baltic Sea, which
could be particularly sensitive to changes in seawater carbonate chemistry. To assess potential
responses to ocean acidification and climate change, we performed a fully crossed experiment with
three temperatures (8, 13 and 18 °C), three salinities (15, 20 and 25) and four pCO, levels
(566, 1195, 2108 and 3843 patm) for six weeks. Our results highlight a sensitive response of
Ammonia aomoriensis to an undersaturation of the seawater with respect to calcite. The specimens
continue growth and increased their test diameter at pCO, <1200 patm and Qc>1. With
increasing pCO,, >1200 patm (Q.ac<1), a significant reduction of test diameter was observed. With
respect to elevated temperature, Q. increased which results in larger test diameter and lower test
degradation. Maximal growth was observed at 18 °C. No significant relationship was observed
between salinity and test growth. In the future, lowered and undersaturated Q.,c, which results from
increasing pCO, in bottom waters, may cause a significant decline of the population density of
Ammonia aomoriensis in their natural environment. At the same, this effect might be partially

compensated by temperature rise due to global warming.

1.1 Introduction

Rising atmospheric CO, concentrations up to 750 patm will change the seawater carbonate
chemistry and lead to rising seawater pCO, which will result in a seawater pH decrease by
0.4 units until 2100 (Feely et al., 2004, Caldeira and Wicket, 2005, Raven et al., 2005). Such pH
decrease concomitantly will reduce the carbonate ion concentrations in the global oceans.
Therefore, the mean calcium carbonate saturation state of the global ocean will be lowered to
about half of their present-day values by the year 2300 (e.g. Feely et al., 2004, Caldeira and
Wicket, 2005). Simultaneously, global temperatures have increased since beginning of the

industrial revolution by 0.76 °C (IPCC, 2007). Model experiments indicated that global average
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temperature will further increase by about 0.5 °C until the year 2200 (IPCC, 2007). This
temperature rise is consistent with the calculated greenhouse effect due to measured, historical
and recent rise in atmospheric carbon dioxide concentrations (Hansen et al., 1981).

In comparison to the open oceans, the southwestern Baltic Sea is characterized by low
salinity (Wefer, 1976). Consequently, low alkalinity prevailed in this area. High pCO, levels are
seasonally encountered in the bottom water, which leads in combination to exceptionally low
carbonate ion concentrations (Thomsen et al., 2010, Haynert et al., 2012, Thomsen et al., 2013).
Nevertheless, in the sediment pore water, Q... was slightly supersaturated as consequence of
higher alkalinity (At) for most time of the year. At the same time, sediment pore water pCO, is
constantly high, ranging from 1244 to 3324 patm (Haynert et al., 2012). Seasonally high pCO,
levels are encountered and ongoing CO, uptake will cause an increase up to 4000 patm in such
neritic environments by the year 2100 (Melzner et al., 2012).

A reduced calcite saturation state will likely have consequences for calcifying foraminifera
(Erez, 2003). Some laboratory studies have shown that benthic foraminifera exhibited different
responses under simulated ocean acidification conditions. Most studies revealed a sensitivity to
elevated pCO, (Le Cadre et al., 2003, Kuroyanagi et al., 2009, Allison et al., 2010, Dissard et al.,
2010, Fujita et al., 2011, Haynert et al., 2011), whereas some species were not affected at rising
pCO, (Mcintyre-Wressnig et al., 2013, Vogel and Uthicke, 2012). A recent study of
Keul et al. (2013) reported that not pCO,, but rather CO5” is the parameter which affects the test
size and weights of Ammonia species. Most of these studies manipulated the carbonate system
parameters without considering changes of other abiotic parameters, as for instance temperature
and salinity. In contrast, the early, pioneering studies of Bradshaw (1957 and 1961) considered
only temperature and salinity variations and did not change the carbonate chemistry of the
seawater.

The impacts of the combined parameters of ocean acidification, salinity and temperature
on their calcification were described in two further laboratory studies, the first with the benthic
foraminifera Ammonia tepida and the second with the planktonic foraminifer
Neogloboquadrina pachyderma (Dissard et al.,, 2010, Manno et al., 2012). The results of
Dissard et al. (2010) exhibited that shell weights of Ammonia tepida decrease with decreasing
[Cng'], and decrease with increasing temperature. However, specimens were still able to add new
chambers to their tests at calcium carbonate undersaturation. The planktonic species
Neogloboquadrina pachyderma revealed decreased calcification rates under low pH, too. Decrease
in net calcification was attenuated when both, pH decreased and temperature increased
simultaneously (Manno et al., 2012). The impact of ocean acidification and salinity on foraminifera
calcification is poorly understood (Dissard et al., 2010). Previous studies have shown that salinity
alters the incorporation of Mg which may indicate an impact on the calcification process
(Groeneveld et al., 2008, Kisakurek et al., 2008).

It was referred to the Pliocene species Ammonia aomoriensis (Asano, 1951), which is likely
to be extant (Hayward et al., 2004, Schweizer et al., 2010, Haynert et al., 2011).

Ammonia aomoriensis (Ammonia beccarii) is one of the dominating species in the near-coastal
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marine environment of the southwestern Baltic Sea and has a hyaline, and perforate calcareous
test (Polovodova and Schoénfeld, 2008, Nikulina et al., 2008, Polovodova et al., 2009,
Haynert et al., 2012).

An earlier experiment exerted a strong influence of elevated pCO, on the calcification of
Ammonia aomoriensis under constant salinity and temperature conditions (Haynert et al., 2011). In
their natural environments of the southwestern Baltic Sea, seasonal changes of temperature and
salinity influence the carbonate chemistry, especially the saturation state (Haynert et al., 2012). In
order to further constrain the response scheme of this species to changes in saturation state under
different physical environmental conditions, we designed a new experiment, where temperature,
salinity and omega calcite could be tuned independently. The present study reports for the first time
the results from a fully crossed experiment with pre-setting of three different temperatures and
salinities, and four pCO, levels to quantitatively assess the impact on the test diameter of
Ammonia aomoriensis.

1.2 Materials and methods

.21 Field sampling

In April 2011, living specimens of Ammonia aomoriensis were collected from two stations in
Kiel Fjord, southwestern Baltic Sea. At those stations, KF1 (54°20°713"°'N, 10°10°160"'E, 13 m
water depth) and KF2 (54°21°072"°N, 10°10°501"'E, 12 m water depth), silty fine sand prevailed.
Ammonia aomoriensis is one of the dominating species of the living fauna in this area.

The benthic foraminiferal samples were taken with a Mini Muc K/MT 410 corer equipped
with four tubes (each with 60 cm length and 10 cm inner diameter), deployed from R/V Polarfuchs.
Altogether, 16 cores were taken. A plastic ring marked with a 1 cm-scale was used to slice off the
uppermost one centimeter of the surface sediment (Schonfeld et al., 2012). The surface samples of
the sediment cores were washed through a 63-um sieve with the ambient seawater. The residue
was immediately transferred into 300 ml Kautex™ wide-neck bottles and filled up with ambient
bottom water. The Kautex™ bottles were covered with Parafiim to avoid evaporation and
contamination. They were immediately brought to the laboratory at GEOMAR, where they were

aerated and incubated at 15 °C for two days.
11.2.2 Isolation of Ammonia aomoriensis

Living A. aomoriensis from the size fraction 150 to 350 um were picked with a fine brush
from the stock-cultures under a Wild M3C dissecting microscope. The specimens were identified as
being alive by their yellow cytoplasm content and their ability to move in Petri dishes, which was
observed during a time period of one hour. After the assessment of living specimens, their

maximum diameter was measured, and they were placed into 65 x 65 x 45 mm transparent
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polycarbonate culture vessels at 10 specimens to a vessel. In total, 1440 specimens were picked
and incubated individually.

The specimens were kept individually in 6 mm deep and open recruitment pits of 10 mm
diameter, which were drilled into the base plate (57 x 57 x 10 mm) of the vessels. The specimens
could move inside the pits and most of them stayed there. A small amount of carbonate-free
medium quartz sand (0.2 g, 200-500 um, >97 % SiO,) was dispersed in the pits, so that the
foraminiferal specimens could seek shelter similar to their natural habitat. The individuals were kept
for three days at the corresponding temperature and salinity in the vessels for acclimatization until
the start of the experiments. During the incubation period, no accumulation of waste material or

growth of fungi on the foraminiferal specimens or in the vessels was observed.
ll.2.3 Experimental setup

The culturing of A. aomoriensis was performed in a flow-through system as a fully crossed
experiment. The setup was modified after Hintz et al. (2004) and Haynert et al. (2011). Three
separate experiments with three different temperatures (8, 13 and 18 °C) were conducted
sequently (Fig. 1). Each of the three experiments consisted of three independently recirculating
systems with three different salinities (15, 20 and 25). Every of these systems included four
replicates at the same pCO, for four different levels: 380, 1120, 2400 and 4000 patm (Fig. 1). The
selected temperatures and salinities cover the annual variability in A. aomorienis habitat in Kiel
Fjord (Nikulina et al., 2008, Polovodova and Schonfeld, 2008). Observations in the natural habitat
of the species exhibited high pore water pCO, (0—1 cm), which correspond with the selected pCO,
range from 1120 to 4000 patm (Haynert et al., 2012).

Each culture vessel was flushed with cartridge-filtered (25 ym) and UV-sterilized seawater.
The seawater was obtained from different locations in the Baltic and North Sea: Kiel Fjord (salinity
of 15), Husum (salinity of 20), and Helgoland (salinity of 25).

Due to the direct correlation between salinity and alkalinity, seawater alkalinity and thereby
Qcac @and similarly CO,* differed significantly between the three salinity treatments. Due to the
temperature dependency of the carbonate system dissociation constants, Q. increased with
increasing temperature. Therefore, we were not aiming to differentiate between Q... and C032' as
these necessarily co-vary in nature, but we were able to differentiate between the effects of
Qca/CO3% and pCO,/pH (Table 1).

Temperatures were adjusted by either ambient air in temperature controlled chambers
(8 and 13 °C), or by conventional aquarium heaters (18 °C). Different pCO, levels were adjusted by
aeration with compressed air enriched with CO, to target pCO, levels of 380, 1120, 2400 and
4000 patm in four 5 | compact jerrycans (Fig. 1). The preconditioned seawater from each jerrycan
flowed through four culture vessels. The flow rate was adjusted to 0.16 ml s which is sufficient to
replace the entire water volume of the vessels every 40 minutes. The overflow drained off to a 60 |
catchment tank. In the catchment tank, the water was sparged with compressed air at a high rate in

order to remove the excess CO, before the water is pumped back to the compact jerrycans.
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Fig. 1. Scheme: Culturing of A. aomoriensis in a closed flow-through system. Water equilibrated with a specific
pCO, supplied four replicated aquaria and drained into a large tank, from where it was pumped up again.
Additionally, 18 °C temperature was controlled by heaters in a water bath beneath the culture vessels and in the
catchment tank. Experimental design: 3 experiments with 3 temperatures (8, 13 and 18 °C), each experiment
included 3 independent setups with 3 salinities (15, 20 and 25). These separate setups included 4 replicates at the
same pCO; for 4 different levels (380, 1120, 2400 and 4000 patm).

In order to avoid evaporation by aeration of the seawater with compressed and thus dry air,
the gas was humidified in gas-washing bottles which were inserted in each compressed air
connection. However, 1 liter evaporated in the catchment tank per week, which was compensated
by refilling the system with deionised water up to a marked level. Food was added every fourth day
to each culture vessel. We wused 200 pl DT's Premium Blend containing living
Nannochloropsis oculata, Phaeodactylum tricornutum and Chlorella.

Temperature, salinity and pHygs (National Bureau of Standards pH-scale) were measured
weekly in each culture vessel in order to monitor the water chemistry. Total alkalinity (Af),
phosphate (PO,>) and silicate (Si) concentrations were determined bi-weekly in one of the
4 replicates for each pCO,-, temperature- and salinity-level. After six weeks, the experiment was
terminated. The specimens were inspected for growth and test degradation in the recruitment pits
of the culture vessels under a dissecting microscope before they were taken out and dried in single
cell slides. A previous experiment of Haynert et al. (2011) was used to compare their data of
A. aomriensis growth and test degradation with the present study and to test the external

reproducibility of our data.
ll.2.4 Analysis of the water chemistry

pHnss and temperature were determined with a WTW 340i pH analyzer. The electrode was
calibrated with standard buffer solutions of pH 4.01, 7.00 and 10.00 (WTW standard, DIN/NIST
buffers L7A). Precision was +0.01 for pH and 0.1 °C for temperature. For salinity measurements,
a WTW Cond 315i conductivity meter with a precision of +0.1 salinity units was used. Nutrient

concentrations of PO,> and Si were analyzed colorimetrically in a spectrophotometer (U 2000,
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Hitachi-Europe) at a wavelength of 882 nm and 810 nm according to Koroleff and Grasshof (1983).
The measurement precision was +0.2 pmol I for phosphate and, in dependence on the
concentrations, 2.5 to 6 % for silicate.

Total alkalinity (A7) was analyzed immediately after sampling from sterile-filtered (0.2 ym
pore size) water samples, taken from the culture vessels during the incubation time. Total alkalinity
(A1) was measured using a potentiometric titration device (Titrando 808, Metrohm, Bradshaw et al.,
1981) and was calculated from the Gran function as described by Dickson et al. (2003). The
precision was 2 pmol kg™

Seawater carbonate system parameters pCO,, Ct and Q. were calculated from pHygs,
Ar, temperature, salinity, phosphate and silicate with the software CO2SYS (Pierrot and Wallace,
2006) using the equilibrium constants of Mehrbach et al. (1973) refitted by Dickson and Millero
(1987).

ll.2.5 Growth and test degradation

Growth, the size of the tests i.e., maximum diameter on the dorsal side from the top of the
youngest chamber over the umbilicus to the opposite chamber, was determined at the beginning
and at the end of the 6 weeks experiment on all tests. The tests were counted and the diameter
was measured by using an eyepiece reticle on the Wild M3C dissecting microscope. We applied
only 40x magnification with the least possible error of £12.5 ym. This resembles +4 to +7 % of the
average diameter of the examined specimens. At the end of the experiment, all tests were removed
from their recruitment pits with a fine brush and air-dried at room temperature. Finally, selected
specimens were prepared for scanning electron microscopy (SEM) with an Emitech K550 (Au+Pd)
sputter coater. They were examined with a Cam Scan-CS-44 (Institute of Geosciences, Kiel

University) to investigate degradation and corrosion features of the tests.
1l.2.6 Statistic

Data were analyzed by quadratic or linear regression with SIGMA PLOT 12.0. Regression
lines presenting Pearson correlation with confidence bands, which exhibit 95 % confidence interval
and the correlation coefficient R? for the fitted line. The error in the regression equations is
11 sigma of the mean. All graphically presented values are means from 4 replicated culture vessels
of each treatment. The numerical data of test diameter are given in the supplement (Table S1).

Multi-factorial analysis of ANOVA (STATISTICA 8) was performed to test the significance
of correlations between temperature, salinity, pCO, and test diameter after the six weeks incubation

time (Table 2). All measured raw data of each treatment were used for statistical analyses.
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1.3 Results

l.3.1 Water chemistry

All treatment levels were constant and varied by less than 0.1 in temperature, salinity and
pH units throughout the experimental period (Table 1, Fig. 2). The small temperature increase of
0.1 °C after 21 days results from changes of the climate room aeration (Fig. 2).

The calculated, ambient pCO, ranged between 481 and 685 patm in the culture vessels
(Fig. 3, Table 1). The elevated CO,-levels of the 1120, 2400 and 4000 patm treatments agreed
more or less with the mean seawater pCO, in the culture vessels and ranged between
1195 + 111.1, 2108 £ 352.7 and 3843 + 234.7 patm, respectively (Table 1).

S 82t
o =
= |
B8Ol —§ & 57 =
Qo
o
E 78t
l—
{25

2>
Salinity | ¥—¥—¥—v—¥—v—v¥ 1 20 =
—@— 15 w
-V 20

% | @ ® o—— 0 0 —0—0 | 15

8.2 . |
80 i\% 380 patm

7.8 | v B - X
76 | =+~ B e
BT T~ —— 2400 patm

74 | )

- / h""\"‘—/—*?—a-ﬂh—d‘ 4000 patm
2t g

PH\Bs

0 7 14 21 28 35 42
Incubation time (d)

Fig. 2. Mean temperature, salinity and pHygs values (N = 4) taken for the 8 °C treatment during six weeks incubation
time. The symbols represent three different salinities of the treatments: black circle = 15, dark grey triangle = 20,
and light grey square = 25.
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Table 1. Mean carbonate system parameters, measured and calculated from samples taken from seawater in the
levels (380, 1120, 2400 and 4000 patm). During the 6 weeks incubation time, mean concentrations of total carbon
(Cy), partial pressure of CO, (pCO_) and the saturation state of calcite (Q..c) were calculated from the measured

culture vessels of several variables for 3 temperatures (8, 13 and 18 °C), 3 sal

mean values of temperature, sal

94
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Low salinity treatments of 15 and 20 simulated the coastal environment in the
southwestern Baltic Sea, with a relative low mean alkalinity (Ar) of 1854 %+ 7.3 and
1985 £ 2.2 ymol kg'1 (Table 1). As a consequence, at a seawater pCO, of above 1000 patm, Qg
was <1.0. The carbonate chemistry conditions of the present study were similar to a previous data
set (Haynert et al., 2011), at a temperature of 12 °C and a salinity of 18 (Fig. 3). In order to
document the agreement of the growth response of A. aomoriensis, these data were also

discussed in the current study.
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Fig. 3. Mean calculated Q.. in relation to 4 CO, partial pressure (patm) treatments for 3 temperatures (8, 13 and
18 °C) and 3 salinities (15, 20 and 25) during the six weeks incubation time. Q... and pCO, averages from an earlier
culturing experiment replotted at a temperature of 13 °C and a salinity of 18 during six weeks incubation
(Haynert et al., 2011). The grey dashed line symbolized the boundary between under- and supersaturated Q..
conditions. Vertical bars denote the standard deviation of Q... while horizontal bars denote standard deviation for
pCO..
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The seawater from the salinity treatment of 25 was taken from the coastal environment of
the North Sea, which exhibited higher mean seawater alkalinity (Ar) of 2341 + 10.0 pmol kg™.
Consequently, the seawater calcium carbonate saturation state for calcite was in general higher
(Fig. 3, Table 1). Also temperature had a positive effect on carbonate saturation state, as higher

temperature caused an increase of Q. (Fig. 3, Table 1).
ll.3.2 Change in test diameter

The highest increase of test diameter of A. aomoriensis was observed in the lowest pCO,
treatment of 566 patm (Fig. 4, C). An increase of mean test diameter by 36 + 12.6 ym was
observed at a pCO, of 566 up to 1195 patm, respectively Q.. values >1.0 (Fig. 4, C and D). The
intensity of test degradation was amplified by increasing pCO, and accordingly decreasing Qcac
(Fig. 4, C and D). At pCO, levels above 1200 patm, the mean diameter in most of the tests
decreased by 23 + 3.5 ym at all temperature and salinity conditions (Fig. 5). Earlier results of a
laboratory study with A. aomoriensis exhibited the same dependency of test diameter and
decreasing Q.. (Haynert et al., 2011). ANOVA test of significance emphasize the significant
correlation of test diameter with pCO, (F=2104.01, p <0.01) and temperature (F= 714.90, p <0.01)
(Table 2).
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Fig. 4. Change of diameter vs. temperature (A), salinity (B), pCO; (C) and Q.. (D) for all treatments after six weeks.
Vertical bars (C and D) denote the standard deviation of change of diameter while horizontal bars denote standard
deviation for pCO; (C) and Q... (D). Black solid line = quadratic regression curves of diameter change, dashed
black lines = 95 % confidence interval.
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Also the interaction between pCO, and temperature was significant (F= 37.79, p <0.01).
The temperature of 18 °C had a positive effect on Q,, accordingly a higher test growth of
A. aomoriensis was recognized, namely by 44 + 27.1 pm (Figs. 4, A and 5). In comparison, at
temperatures of 8 and 13 °C, mean test diameter increased by 31 + 3.1 and 32 + 8.3 uym.

In comparison to pCO, and temperature, salinity apparently had no significant effect on
change of test diameter (Table 2). Growth of A. aomoriensis decreased insignificantly from
48 +24.38 to 32 + 4.98 um up to pCO, of <1200 patm (Qcc>1.0). At a pCO, of >1200 patm
respectively Q.,.<1.0, degradation of the tests ranged similarly from -25 + 9.69 to -21 £ 2.26 ym
with increasing salinity from 15 to 25 (Figs. 4, B and 5).
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Fig. 5. Change of test diameter in relation to Q. for 3 temperature (8, 13 and 18 °C), 3 salinity (15, 20 and 25) and
4 pCO, treatments ranging from 566 to 3843 patm. Change of diameter and Q... averages from an earlier culturing
experiment replotted at a temperature of 13 °C and a salinity of 18 during six weeks incubation (Haynert et al.,
2011). The different grey areas separate under- and supersaturated Q... conditions. Black dashed line symbolized
the boundary between growth and degradation of the test of A. aomoriensis. Vertical bars denote the standard
deviation of diameter change while horizontal bars denote standard deviation for Q... after six weeks (N = 4). Grey
solid line = quadratic regression curves of diameter change, dashed grey lines = 95 % confidence interval.
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Table 2. Multi-factorial ANOVA tests of significance indicating the effect of temperature, salinity and pCO, on test
diameter of A. aomoriensis. Significant results are represented in bold. SS = Sum of Squares, d.f. = degrees of
freedom, MS = Mean Squares.

Test diameter

Ss d.f. MS F P
Intercept 527.3 1.0 527.3 25.58 0.1127
pCO, 130100.1 3.0 43366.7 2104.01 0.0000
Salinitét 150.2 2.0 75.1 0.36 0.6955
Temperatur 29470.3 2.0 14735.2 714.90 0.0000
pCO; x Sal 2597.7 6.0 432.9 21.01 0.0590
pCO, x Temp 4673.3 6.0 778.9 37.79 0.0019
Sal x Temp 5115.5 4.0 1278.9 62.05 0.0002
pCO; x Sal x Temp 6061.1 12.0 505.1 24.51 0.0073
Error 22260.4 108.0 206.1

111.3.3 SEM-Observations

SEM-observations were in agreement with the measured change of diameter after the six
weeks incubation time (PI. 1). At a pCO, of 566 patm, the examined tests of A. aomoriensis were
fully intact (PI. 1, A). Test degradation started at the last chambers with thinner test walls at pCO,
of 1195 patm (Pl. 1, B). The intensity of test degradation increased with increasing pCO, and
accordingly undersaturation for calcite (PI. 1, B, C and D). The strongest effect of test degradation
was observed at a high pCO, of 3843 patm (Pl. 1, D). Some of the specimens depicted the
characteristic star-like appearance, only the umbilicus area of the tests and the suture of the outer,
thinner chambers remained (Pl. 1, E). The detailed view exhibited the inner organic lining with

some pore fragments, the rest of the test was completely degraded (PI. 1, E1 and E2).

pCO,-level 566 patm 1195 patm 2108 patm 3843 patm

spiral side

umbilical side

detail view
3843 patm

10 pm 10 pm

Plate 1. SEM images of Ammonia aomoriensis (Asano, 1951) depicting different stages of test degradation on spiral
and umbilical side at 4 pCO; levels, ranging from 566 to 3843 patm (A-D). Detailed view (E; and E;) exhibits the
inner organic lining (E) at a pCO, of 3843 patm.
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Single A. aomoriensis tests exhibited the formation of recalcification structures on the spiral
side (Pl. 2). These scale-alike, platy structures resemble new layers of secondary calcite. In
relation to temperature and salinity however, no visible effect of recalcification ability on tests of

A. aomoriensis were recognized.

100 prm

Plate 2. SEM images of recalcification structures on spiral side of A. aomoriensis at a pCO, of 1195 patm.

1.4 Discussion

lll.4.1 Vitality assessment

The number of remaining tests was counted at the end of the experiment. After the
incubation time of six weeks, the tests were fragile, in particular at the highest seawater pCO, only
the inner organic lining was left. The handling of the extremely corroded tests was very complicated
and a lot of specimens were damaged during picking from the culture vessels and transfer to the
cell slides. We therefore abstained from a treatment with chemicals or Rose Bengal. Observational
assessment of survival as movements or cytoplasm flow (Bradshaw, 1961) would require a
remediation phase, which the specimens would use to repair their tests. As this would bias the
results, we simply dried them at the end of the experiment. Therefore, we could not asses the
vitality of the specimens, and consequently no differentiation between active or inactive was
determinable. However, many specimens contained yellow cytoplasm, which indicates that they

were alive during the entire experimental period.

ll1.4.2 Test diameter of Ammonia aomoriensis

111.4.2.1 Response to manipulated carbonate chemistry

Seawater pCO, levels had a significant effect on the test growth and degradation of

A. aomoriensis. These results agree with a previous culturing study of A. aomoriensis which

reported a mean growth of 22 um up to pCO, of 929 patm and Q.>1 (Haynert et al., 2011).
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Similarly, a significant reduction of test diameter was observed at high pCO, of 3130 patm. Both
laboratory studies emphasize the negative response under elevated pCO, and Qg<1. Also in
natural environments, as for instance Flensburg Fjord, located in the southwestern Baltic Sea,
population density of living A. aomoriensis co-varies with pore water Q. becoming lower at
undersaturated conditions (Haynert et al., 2012). According to these results, we conclude that
A. aomoriensis has developed a certain sensitivity to Q.,c<1 or low carbonate ion concentration.
These observations are in agreement with Keul et al. (2013), which exhibited a negative
relationship on test weights and growth rates of Ammonia species with decreasing [Cng'],
respectively Qc,<1.

Similar observations were recorded by Gazeau et al., (2011). This study described that
calcification rates of the larvae of the Pacific Oyster Crassostrea gigas were not directly affected by
pH or pCO,, but highly depended on the availability of carbonate ions. The oyster calcification
decreased strongly below saturation levels. Other studies reported a positive relationship between
saturation state and calcification rates: for instance, shell weights of planktonic foraminifera
increased at higher saturation states (Spero et al., 1997, Bijma et al., 2002, Lombard et al., 2010).
These results revealed that the response of organisms to change in seawater chemistry could be
different between species. In particular, the strategies for carbon supply of calcification may vary
between foraminiferal species.

Most previous culturing studies dealing with benthic foraminifera manipulated pH or pCO,,
without differentiating between effects of these manipulations. They did not consider the impact
undersaturation of Q. on calcification of foraminifera (Kuroyanagi et al., 2009, Allison et al., 2010,
Fujita et al., 2011).

Mclintyre-Wressnig et al. (2013) revealed that symbiont-bearing benthic foraminifera
Amphistegina gibbosa and Archaias angulatus were not affected by elevated pCO, (1000 and
2000 patm). Further symbiont-bearing foraminifera, the diatom-bearing Amphistegina radiata and
Heterostegina depressa, and the dinoflagellate-bearing Marginopora vertebralis exhibited no
negative calcification responses to pCO, up to 1925 patm after six weeks (Vogel and Uthicke,
2012). In both studies, Qq.c was supersaturated (Qc.c>1.5) at the tested high pCO, levels. Any
conclusions about their sensitivity to undersaturation are therefore not possible. It is evident,
however, that endosymbionts pursuing photosynthesis may benefit from higher pCO,. Accordingly,
it is well conceivable that symbiont-bearing foraminifera are adapted to high pCO,, but may still
respond sensitive to undersaturation.

Furthermore, even though test degradation started at a pCO, level of about 1195 up to
2108 patm (Qcac<1), some specimens of A. aomoriensis were able to rebuild their tests and formed
recalcification structures under unfavorable conditions. This response was observed up to a pCO,
level of 2108 patm in the present study. The same recalcification feature was observed on
A. aomoriensis tests in Flensburg Fjord after transient low Q.. periods (Haynert et al., 2012). It is
evident that recalcification most likely took place when Q. increased again during seasonal
fluctuations as it has been observed in a natural environment (Haynert et al., 2012) or at a

specifically driven pH-variability in laboratory experiments (Le Cadre et al., 2003). We assume that

Manuscript: resubmitted in Journal of Foraminiferal Research.



lll. Publications and manuscripts 101

recalcification of the specimens in the laboratory was possible due to adaptation to changing
seawater chemistry, which they experienced during transfer from the natural environment to
undersaturated laboratory conditions. It remains unclear, for how long the specimens were able to
overcome test dissolution, which might be related to higher energetically effort and whether

reproduction would still be possible under these conditions.
111.4.2.2 Response to temperature

Seawater temperature had a significant effect on the test diameter growth of
A. aomoriensis. Maximum growth was observed at 18 °C, which is slightly above today’s maximum
temperatures (15.3 °C) observed in the bottom water in the southwestern Baltic Sea during
summer (Haynert et al., 2012).

A similar positive correlation to temperature was observed by Bradshaw (1957 and 1961)
for A. beccarii tepida (Cushman). While at 10 °C no growth was observed, growth increased with
increasing temperatures of 20, 24—-27 °C and reached an optimum at 30 °C. Only at much higher
temperatures of >35 °C, a critical level was reached. No growth was observed and some
specimens died. In contrast, another experiment using the benthic species Rosalina leei, exhibited
that a successive increase of temperature from 25, 30 to 35 °C caused a retarded growth
(Nigam et al., 2008). These results revealed that the growth of foraminifera was largely influenced
by fluctuating environmental temperatures and that optimum condition may be different between

the species.
111.4.2.3 Response to salinity

Our observations revealed that seawater salinity had no significant effect on change of
diameter of A. aomoriensis. In the natural environment of Flensburg Fjord, salinity ranged from
16.8 to 26.3 in the bottom water during the seasonal cycle (Haynert et al., 2012). A similar salinity
range from 15 to 25 was applied in the present study. The data provide no evidence for changes in
growth that were directly induced by salinity variations. An earlier experiment revealed also no
significant chances in test diameter to the closely related species Ammonia tepida at salinities
ranging from 13 to 27 (Bradshaw, 1957). Studies of the recent distribution of Ammonia beccarii and
related species, as for instance A. aomoriensis, designated them as euryhaline species, inhabiting
hypo- to hyper saline waters (Wefer, 1976, Almogi-Labin et al., 1992, Alve and Murray, 1999,
Frenzel and Oertel, 2002). Accordingly, the salinity levels of 15, 20 and 25, applied in our
experiment, were within the tolerance range of this species, where no effects on growth or
reproduction have been observed.

However, foraminifers precipitate the calcium carbonate for their test by vacuolization from
external seawater [Ca2+] and [0032'] Erez (2003). As seawater alkalinity is directly correlated to
salinity, a higher salinity may in turn elevate the concentration and hence availability of carbonate

ions. Therefore, increasing salinity caused a higher [CO32'] availability, which may promote the
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calcification process in foraminifera and, in turn, amplified their growth. Despite a higher availability
of CO;” at a salinity of 25, calcification of A. aomoriensis was not promoted. In particular, the
thickness of the last new chambers and the solubility of tests exhibited also no differences between

the salinities as applied in our treatments.
111.4.3 Dissolution of the tests

SEM-observations corroborated the relationship between seawater pCO,, respectively
Qcae, and dissolution of the tests. Elevated pCO, levels left their trace in substantial test
degradation, especially at a calcite saturation state below 1, which was reached at a pCO, of about
1200 patm. These results agree with the observations of a previous laboratory study
(Haynert et al., 2011) and observations under natural conditions in Flensburg Fjord (Haynert et al.,
2012), and emphasize the susceptibility of A. aomoriensis tests to low Q... The laboratory study of
Le Cadre et al. (2003) reported corroded tests at low pH values from 7.5 to 7.0, which most
probably induced undersaturation of the seawater with respect to Q..

Hyaline species like A. aomoriensis store calcium and carbonate in separate intracellular
pools, which are used to precipitate new chambers extracellularly. For this calcification process,
foraminifera elevated their intracellular pH (de Nooijer et al., 2009). Therefore, the amount of
energy which is required to reach an optimal pH for calcification, depends on the initial saturation
state in the ambient seawater (Bentov et al., 2009) as ambient seawater is the main source of
[Ca®'] and [CO57] (Erez, 2003). An adaptation to ambient undersaturation of calcite may also cause
higher energetic cost, which in turn reduced the -calcification potential in the specimens
(Melzner et al., 2011). Foraminiferal calcification might be affected in a similar way, as also

suggested by de Nooijer et al. (2009).
lll.L5 Conclusions

This study describes the combined effects of elevated pCO,, and different temperature and
salinity conditions on growth and test degradation of A. aomorienis. Our results highlight a large
sensitivity of this boreal shallow water species to undersaturation of calcite. A. aomoriensis is able
to grow at pCO, <1200 patm respectively Q.c>1. A significant reduction in test diameter was
observed at a pCO, >1200 patm and simultaneously Q.,.<1. Nevertheless, some specimens of
A. aomoriensis are able to recalcify under undersaturation conditions.

Salinity had no effect on the diameter change of A. aomorienis, whereas increasing
temperatures had a positive effect for calcifying foraminifera and facilitated their growth. Based on
these results, the negative impact of ocean acidification could partially be mitigated by warming.
However, the sensitivity to undersaturation of calcite and permanent low Q<1 could lead to
significant decline of population density of A. aomoriensis in their natural environment in the

southwestern Baltic Sea.
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Supplement

TableS1. Raw data of A. aomoriensis test diameter at the beginning and at the end of the experiment, and
calculated change of diameter after six weeks incubation time.

T S pCO; Replicate Specimen Test diameter Test diameter Change
(°C) (patm) Beginning End of diameter
(pm) (pm) (Hm)
8 15 380 A 1 375 450 75
2 375 450 75
3 300 325 25
4 375 400 25
5 400
6 400
7 375 425 50
8 300 375 75
9 475 475 0
10 450
Mean 368 414 46
8 15 380 B 1 450
2 325 350 25
3 400 450 50
4 475 475 0
B 425 475 50
6 375
7 350 350 0
8 375 450 75
9 425 450 25
10 500 500 0
Mean 409 438 28
8 15 380 C 1 425 425 0
2 400 425 25
3 225 250 25
4 500
5) 400 450 50
6 350 400 50
7 325 375 50
8 375 400 25
9 375 375 0
10 375
Mean 359 388 28
8 15 380 D 1 425 475 50
2 400 400 0
3 375 400 25
4 400 450 50
5) 450 450 0
6 425 475 50
7 325 350 25
8 450
9 275 325 50
10 450
Mean 384 416 31
8 15 1120 A 1 450
2 350 325 -25
3 250 250 0
4 375 375 0
5) 375 375 0
6 350 325 -25
7 350
8 375 350 -25
9 475 425 -50
10 350
Mean 364 346 -18
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8 15 1120 B 1 475 425 -50
2 275
3 500 375 -125
4 225 200 -25
5 475 375 -100
6 325 350 25
7 425
8 375 350 -25
9 325 325 0
1 300
Mean 386 343 -43
8 15 1120 C 1 300
2 325 350 25
3 450 400 -50
4 300
5 325 300 -25
6 275 275 0
7 450
8 375 350 -25
9 375 350 -25
1 250 200 -50
Mean 339 318 -21
8 15 1120 D 1 325 275 -50
2 300 275 -25
3 350 375 25
4 425 400 -25
5 375
6 400 400 0
7 375 375 0
8 425 400 -25
9 375 350 -25
1 375
Mean 372 356 -16
8 15 2400 A 1 250
2 400 400 0
3 275 250 -25
4 400 375 -25
5 350 300 -50
6 400
7 250 200 -50
8 375 350 -25
9 425
1 375
Mean 342 313 -29
8 15 2400 B 1 375 350 -25
2 375 300 -75
3 500
4 375 375 0
5 350 325 -25
6 400 350 -50
7 475
8 425
9 400
1 350 300 -50
Mean 371 333 -38
8 15 2400 C 1 375
2 475 425 -50
3 375 375 0
4 400
5 400 375 -25
6 375
7 325 300 -25
8 350 350 0
9 400 400 0
1 375
Mean 388 371 -17
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8 15 2400 D 1 275 300 25
2 400 350 -50
3 225 250 25
4 475
5 425 400 25
6 500 475 25
7 350 350 0
8 425
9 350 325 -25
10 375
Mean 361 350 11
8 15 4000 A 1 400
2 250 175 -75
3 325
4 325 300 25
5 350 325 25
6 400
7 350
8 450
9 400 350 -50
10 375 325 -50
Mean 340 295 45
8 15 4000 B 1 425
2 375 325 -50
3 400 350 -50
4 400
5 375 325 -50
6 250
7 400
8 500
9 325 250 -75
10 325 300 -25
Mean 360 310 -50
8 15 4000 C 1 450
2 325 275 -50
3 325 225 -100
4 400
5 475 475 0
6 400
7 275 200 -75
8 375 275 -100
9 300 125 175
10 375
Mean 346 263 -83
8 15 4000 D 1 375 275 -100
2 375 300 -75
3 500
4 425
5 275 250 -25
6 400
7 400
8 475 400 -75
9 425 375 -50
10 375
Mean 385 320 65
8 20 380 A 1 375
2 325 375 50
3 400 425 25
4 425 450 25
5 400
6 400 425 25
7 425 475 50
8 350
9 400 425 25
10 425 425 0
Mean 400 429 29
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8 20 380 B 1 350 350 0
2 400 450 50
3 400
4 475
5 275 350 75
6 450 450 0
7 400
8 450 450 0
9 225 325 100
1 350 375 25
Mean 357 393 36
8 20 380 C 1 375 400 25
2 375 375 0
3 275 300 25
4 400
5 350 425 75
6 500 500 0
7 425
8 425 450 25
9 425 425 0
1 425
Mean 389 411 21
8 20 380 D 1 500 500 0
2 400
3 450
4 225 300 75
5 350 375 25
6 300 350 50
7 375 425 50
8 400 450 50
9 400 450 50
1 350 375 25
Mean 363 403 41
8 20 1120 A 1 450 450 0
2 425
3 350 325 -25
4 375 400 25
5 425
6 475
7 475 475 0
8 475 475 0
9 300
1 375 375 0
Mean 417 417 0
8 20 1120 B 1 375
2 275 300 25
3 325 350 25
4 425
5 400 375 -25
6 400 375 -25
7 425 400 -25
8 300
9 350 350 0
1 325 300 -25
Mean 357 350 -7
8 20 1120 C 1 375 375 0
2 375 350 -25
3 325 300 -25
4 350 325 -25
5 300 300 0
6 250 250 0
7 275
8 350 350 0
9 375 375 0
1 375
Mean 338 328 -9
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8 20 1120 D 1 375 375 0
2 325
3 375 375 0
4 500
5 350 350 0
6 325
7 350 375 25
8 450 425 -25
9 275 225 -50
10 300 275 -25
Mean 354 343 -11
8 20 2400 A 1 325 300 -25
2 375
3 200
4 375
5 350 325 -25
6 225 225 0
7 350 325 -25
8 400
9 300 250 -50
10 375 350 -25
Mean 321 296 -25
8 20 2400 B 1 300 275 -25
2 375 300 -75
3 500 500 0
4 400 375 -25
5 450
6 475
7 400 375 -25
8 425 400 -25
9 400
10 400
Mean 400 371 -29
8 20 2400 C 1 300
2 325 300 -25
3 350
4 275
5 450 425 -25
6 450 400 -50
7 350 350 0
8 350 350 0
9 300 275 -25
10 325 300 -25
Mean 364 343 -21
8 20 2400 D 1 375 350 -25
2 375 375 0
3 425
4 325 275 -50
5 350 325 -25
6 400
7 350 325 -25
8 400
9 400
10 350
Mean 355 330 -25
8 20 4000 A 1 475
2 350
3 375 250 -125
4 450
5 350
6 350 325 -25
7 325 250 -75
8 450 250 -200
9 325
10 350 325 -25
Mean 370 280 -90
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8 20 4000 B 1 325 300 -25
2 400
3 250
4 400 350 -50
5 425
6 450 425 -25
7 275 250 -25
8 425
9 375
10 300
Mean 363 331 -31
8 20 4000 C 1 450
2 375 300 -75
3 400 350 -50
4 400
5 375 300 -75
6 375
7 525
8 350 250 -100
9 400
10 400 375 -25
Mean 380 315 -65
8 20 4000 D 1 425
2 475
3 300
4 400
5 375 325 -50
6 375 300 -75
7 450 450 0
8 300 250 -50
9 500 400 -100
10 350
Mean 400 345 -65
8 25 380 A 1 225 325 100
2 275 300 25
3 375 375 0
4 450
5 300 375 75
6 375
7 350 375 25
8 375 400 25
9 375
10 325 375 50
Mean 318 361 43
8 25 380 B 1 350 375 25
2 325 350 25
3 350 375 25
4 325 375 50
5 425 325 -100
6 275 300 25
7 350
8 300 325 25
9 450
10 575 575 0
Mean 366 375 9
8 25 380 C 1 350 425 75
2 500
3 275 325 50
4 425
5 325 375 50
6 425
7 350 375 25
8 475 475 0
9 325 375 50
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10 400 400 0
Mean 357 393 36
8 25 380 D 1 400
2 500 500 0
3 325 350 25
4 500
5 375 400 25
6 325 375 50
7 475
8 375 400 25
9 400 425 25
10 425 425 0
Mean 389 411 21
8 25 1120 A 1 275 250 -25
2 475 475 0
3 400 400 0
4 450 425 -25
5 300 300 0
6 225 250 25
7 500
8 425
9 500 500 0
10 325
Mean 375 371 -4
8 25 1120 B 1 500 500 0
2 375 400 25
3 350
4 325
5 450 450 0
6 350 325 -25
7 350 375 25
8 300
9 375 375 0
10 400
Mean 400 404 4
8 25 1120 C 1 375 350 -25
2 375 375 0
3 400
4 425 400 -25
5 300 275 -25
6 300
7 425
8 350 325 -25
9 375 350 -25
10 375 375 0
Mean 368 350 -18
8 25 1120 D 1 375 375 0
2 325 300 -25
3 400 400 0
4 425 400 -25
5 350 350 0
6 450
7 375 350 -25
8 425
9 400 375 -25
10 325 300 -25
Mean 372 356 -16
8 25 2400 A 1 400 375 -25
2 375 375 0
3 250
4 375 350 -25
5 400 375 -25
6 350
7 400
8 350 350 0
9 325 325 0
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10 325
Mean 371 358 13
8 25 2400 B 1 500 500 0
2 425 400 -25
3 300
4 275 250 25
5 425
6 450 425 25
7 400 375 -25
8 275 300 25
9 475
10 500
Mean 388 375 13
8 25 2400 C 1 375
2 425 400 -25
3 400
4 475
5 300 275 -25
6 375
7 300 275 25
8 375 350 -25
9 325
10 375 375 0
Mean 355 335 -20
8 25 2400 D 1 400
2 375 350 -25
3 250 225 25
4 400
5 300 300 0
6 300
7 325 350 25
8 400 375 25
9 375
10 475 475 0
Mean 354 346 -8
8 25 4000 A 1 325 250 75
2 300 250 -50
3 350 325 -25
4 375 375 0
5 250
6 375
7 350 275 -75
8 425
9 400
10 425
Mean 340 295 45
8 25 4000 B 1 400
2 475
3 450
4 400 375 25
5 250
6 400
7 275 250 -25
8 300
9 375
10 325 275 -50
Mean 333 300 -33
8 25 4000 C 1 425
2 525 500 -25
3 450 425 -25
4 350 325 25
5 325 325 0
6 375
7 300
8 275 250 25
9 375
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10 425
Mean 385 365 -20
8 25 4000 D 1 375 375 0
2 425 375 -50
3 400
4 375 350 -25
5 475
6 400
7 225
8 400
9 375 275 -100
10 375
Mean 388 344 -44
13 15 380 A 1 375 400 25
2 375 375 0
3 400
4 375 400 25
5 350
6 375
7 525 525 0
8 375 400 25
9 375 425 50
10 375 375 0
Mean 396 414 18
13 15 380 B 1 400 425 25
2 450
3 325 350 25
4 325 350 25
5 250 300 50
6 400 400 0
7 375
8 250 300 50
9 325 375 50
10 450 450 0
Mean 341 369 28
13 15 380 C 1 400 425 25
2 400 425 25
3 350 375 25
4 325
5 350 375 25
6 375 375 0
7 275 325 50
8 300
9 450 450 0
10 300 350 50
Mean 363 388 25
13 15 380 D 1 375
2 300 325 25
3 400 425 25
4 350 375 25
5 275
6 200 250 50
7 250
8 400 400 0
9 425 425 0
10 375
Mean 346 367 21
13 15 1120 A 1 375
2 400 425 25
3 375 375 0
4 400
5 350 325 -25
6 275 250 -25
7 375
8 375 375 0
9 325
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10 375 350 -25
Mean 358 350 -8
13 15 1120 B 1 450
2 325
3 375 375 0
4 350 350 0
5 375 375 0
6 275 250 -25
7 275 250 -25
8 325
9 225 200 -25
10 425 425 0
Mean 329 318 -11
13 15 1120 C 1 325
2 400 375 -25
3 400 400 0
4 275 275 0
5 375 350 -25
6 400
7 350 350 0
8 325
9 450 450 0
10 375
Mean 375 367 -8
13 15 1120 D 1 275
2 425 400 -25
3 425 425 0
4 375
5 475 475 0
6 325 300 -25
7 300 300 0
8 325 300 -25
9 350
10 400 425 25
Mean 382 375 -7
13 15 2400 A 1 425
2 300 250 -50
3 300
4 450
5 375 350 -25
6 425 425 0
7 250
8 375 400 25
9 425 400 -25
10 325
Mean 380 365 -15
13 15 2400 B 1 375 350 -25
2 425
3 375 375 0
4 250 225 -25
5 375
6 450
7 300 300 0
8 325 300 -25
9 375
10 350 325 -25
Mean 329 313 -17
13 15 2400 C 1 325 300 -25
2 275
3 250 225 -25
4 400
5 325 300 -25
6 400
7 400
8 250
9 450 450 0
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10 450 425 -25
Mean 360 340 -20
13 15 2400 D 1 250 250 0
2 350
3 250 225 -25
4 375
5 375 375 0
6 375 350 -25
7 300 250 -50
8 400 375 -25
9 250 225 -25
10 225
Mean 314 293 -21
13 15 4000 A 1 375 350 -25
2 425
3 325 275 -50
4 250 225 -25
5 325 250 -75
6 300
7 325
8 375 300 -75
9 200
10 375
Mean 330 280 -50
13 15 4000 B 1 350
2 375
3 250 225 -25
4 350
5 325 300 -25
6 475 475 0
7 375 350 -25
8 300
9 350 300 -50
10 375 325 -50
Mean 358 329 -29
13 15 4000 C 1 375
2 375
3 450 425 -25
4 375 375 0
5 300 250 -50
6 450
7 450 400 -50
8 475 400 -75
9 375
10 450
Mean 410 370 -40
13 15 4000 D 1 375 375 0
2 450 350 -100
3 300
4 325 300 -25
5 250
6 375 325 -50
7 375 350 -25
8 325
9 450 400 -50
10 400
Mean 392 350 -42
13 20 380 A 1 300 350 50
2 375 375 0
3 375 400 25
4 350
5 325 375 50
6 375 425 50
7 350 400 50
8 375
9 375 425 50
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10 425 425 0
Mean 363 397 34
13 20 380 B 1 350
2 375
3 275 325 50
4 375 400 25
5 350 400 50
6 325 350 25
7 300
8 400 425 25
9 400 425 25
10 250 350 100
Mean 339 382 43
13 20 380 C 1 225
2 375 375 0
3 475 475 0
4 375 425 50
5 400 425 25
6 400 425 25
7 475 475 0
8 300 350 50
9 375
10 275 350 75
Mean 384 413 28
13 20 380 D 1 225 275 50
2 300 325 25
3 375 425 50
4 300 350 50
5 400 450 50
6 475 475 0
7 375 400 25
8 350 400 50
9 450 450 0
10 250 300 50
Mean 350 385 35
13 20 1120 A 1 375 375 0
2 275 250 -25
3 375 375 0
4 375
5 350 350 0
6 450 425 -25
7 475
8 400 375 -25
9 325
10 325
Mean 371 358 -13
13 20 1120 B 1 400
2 500 500 0
3 450 450 0
4 375 400 25
5 400 425 25
6 425 425 0
7 375
8 500 500 0
9 375 350 -25
10 250
Mean 432 436 4
13 20 1120 C 1 475 475 0
2 250
3 275 300 25
4 400
5 225 200 -25
6 250 250 0
7 400
8 325 300 -25
9 450 425 -25
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10 300 300 0
Mean 329 321 -7
13 20 1120 D 1 325 325 0
2 325 300 -25
3 350 350 0
4 275 250 -25
5 325
6 250 225 -25
7 425 425 0
8 250 275 25
9 300
10 350
Mean 314 307 -7
13 20 2400 A 1 375 375 0
2 325 300 -25
3 250 225 -25
4 375
5 400 350 -50
6 250
7 425 425 0
8 350
9 400 375 -25
10 250
Mean 363 342 -21
13 20 2400 B 1 375 375 0
2 350 375 25
3 400 375 -25
4 350
5 300 275 -25
6 250 225 -25
7 250 250 0
8 325 300 -25
9 400 400 0
10 250
Mean 331 322 -9
13 20 2400 C 1 350 350 0
2 400 375 -25
3 450 450 0
4 375 350 -25
5 325 300 -25
6 350
7 350 325 -25
8 450 425 -25
9 450
10 250
Mean 386 368 -18
13 20 2400 D 1 300 275 -25
2 450 450 0
3 375
4 350 325 -25
5 325
6 300 275 -25
7 300
8 350
9 250 225 -25
10 325 300 -25
Mean 329 308 -21
13 20 4000 A 1 450 375 -75
2 300 250 -50
3 325 250 -75
4 325
5 250 225 -25
6 375 300 -75
7 350
8 375
9 325
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10 425 375 -50
Mean 354 296 -58
13 20 4000 B 1 325 300 -25
2 300 250 -50
3 200
4 375 300 -75
5 325 300 -25
6 375
7 300
8 525 525 0
9 325 275 -50
10 425
Mean 363 325 -38
13 20 4000 C 1 325 250 -75
2 350 250 -100
3 375 300 -75
4 375 300 -75
5 500
6 300 225 -75
7 375
8 375
9 325 225 -100
10 350
Mean 342 258 -83
13 20 4000 D 1 375
2 300 250 -50
3 400
4 425
5 400
6 250 200 -50
7 250 225 -25
8 350
9 375 300 -75
10 375 300 -75
Mean 310 255 -55
13 25 380 A 1 325 375 50
2 450 475 25
3 400 425 25
4 425 450 25
5 300 375 75
6 450 450 0
7 275 350 75
8 250
9 375 425 50
10 275 300 25
Mean 364 403 39
13 25 380 B 1 350 350 0
2 400 450 50
3 475 475 0
4 425
5 425 450 25
6 350 400 50
7 375 425 50
8 375
9 375 425 50
10 300 375 75
Mean 381 419 38
13 25 380 C 1 350 350 0
2 300 375 75
3 375 375 0
4 375 425 50
5 350 425 75
6 350
7 325 400 75
8 425 450 25
9 250 300 50
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10 425 425 0
Mean 353 392 39
13 25 380 D 1 325 375 50
2 400 475 75
3 300 375 75
4 300 300 0
5 375 425 50
6 350 375 25
7 250 300 50
8 275 275 0
9 225 250 25
10 275 325 50
Mean 308 348 40
13 25 1120 A 1 375 375 0
2 300 325 25
3 375 350 -25
4 375 375 0
5 325
6 300 300 0
7 375
8 275 275 0
9 350 325 -25
10 375 350 -25
Mean 341 334 -6
13 25 1120 B 1 275 250 -25
2 250 250 0
3 200
4 325 300 -25
5 325 300 -25
6 375
7 425 425 0
8 400
9 275 250 -25
10 350 325 -25
Mean 318 300 -18
13 25 1120 C 1 325
2 400 375 -25
3 450 450 0
4 300 275 -25
5 300 275 -25
6 275 250 -25
7 450 450 0
8 375 375 0
9 300
10 375
Mean 364 350 -14
13 25 1120 D 1 425 425 0
2 275
3 325 300 -25
4 300 300 0
5 375 375 0
6 400 375 -25
7 325 300 -25
8 400
9 325 300 -25
10 300 300 0
Mean 347 334 -13
13 25 2400 A 1 250 250 0
2 400 400 0
3 325 300 -25
4 275 250 -25
5 250
6 450 475 25
7 300
8 400
9 375 350 -25
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10 425
Mean 346 338 -8
13 25 2400 B 1 325
2 300 300 0
3 375
4 375 350 -25
5 375 350 -25
6 325 300 -25
7 300 300 0
8 325
9 350 325 -25
10 375
Mean 338 321 -17
13 25 2400 C 1 425 375 -50
2 275 250 -25
3 400 375 -25
4 350 350 0
5 300 300 0
6 350
7 375 350 -25
8 400
9 350 325 -25
10 475 475 0
Mean 369 350 -19
13 25 2400 D 1 300 275 -25
2 300 275 -25
3 275
4 375 375 0
5 275 300 25
6 375
7 275 275 0
8 350 350 0
9 375 375 0
10 400
Mean 321 318 -4
13 25 4000 A 1 350 300 -50
2 350 300 -50
3 400 350 -50
4 375
5 300 250 -50
6 400 350 -50
7 500 400 -100
8 400
9 250
10 325 300 -25
Mean 375 321 -54
13 25 4000 B 1 275 200 -75
2 325
3 375 350 -25
4 425 375 -50
5 400 375 -25
6 375 300 -75
7 325
8 425 375 -50
9 400
10 300 250 -50
Mean 368 318 -50
13 25 4000 C 1 300
2 325
3 250
4 475 425 -50
5 375 350 -25
6 300 250 -50
7 300 275 -25
8 325
9 300
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10 425 375 -50
Mean 375 335 -40
13 25 4000 D 1 275 250 -25
2 350 300 -50
3 300
4 350 300 -50
5 325
6 400 375 -25
7 450 375 -75
8 375
9 425 425 0
10 350
Mean 375 338 -38
18 15 380 A 1 475 500 25
2 475
3 200
4 475
5 375
6 175
7 325 475 150
8 400 450 50
9 325 450 125
10 275 325 50
Mean 360 440 80
18 15 380 B 1 400 450 50
2 250
3 200
4 313 550 238
5 200
6 425 500 75
7 200 600 400
8 225
9 225 500 275
10 250 250 0
Mean 302 475 173
18 15 380 C 1 475 550 75
2 325
3 300 375 75
4 300
5 350 375 25
6 225 300 75
7 500
8 225
9 400 475 75
10 300
Mean 350 415 65
18 15 380 D 1 450
2 225
3 200 250 50
4 450 500 50
5 200
6 400 450 50
7 200
8 200 250 50
9 425 500 75
10 200 225 25
Mean 313 363 50
18 15 1120 A 1 300 350 50
2 300
3 350
4 225
5 225 250 25
6 225 250 25
7 425 500 75
8 275
9 200 250 50
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10 325
Mean 275 320 45
18 15 1120 B 1 300 375 75
2 200 250 50
3 200 225 25
4 325
5 400
6 200
7 350 400 50
8 475 500 25
9 275 300 25
10 325
Mean 300 342 42
18 15 1120 C 1 425 450 25
2 300 375 75
3 300 300 0
4 375
5 250 300 50
6 475 500 25
7 350 350 0
8 375
9 200 400 200
10 325
Mean 329 382 54
18 15 1120 D 1 300 300 0
2 275 300 25
3 400 425 25
4 375 425 50
5 500
6 525
7 300 400 100
8 250
9 275
10 425 450 25
Mean 346 383 38
18 15 2400 A 1 250 250 0
2 250 275 25
3 250 275 25
4 350 350 0
5 300 300 0
6 425 425 0
7 300
8 225
9 200 225 25
10 275 250 -25
Mean 288 294 6
18 15 2400 B 1 275 225 -50
2 200 200 0
3 250
4 650 400 -250
5 250 250 0
6 450
7 550 550 0
8 175
9 375 375 0
10 375 425 50
Mean 382 346 -36
18 15 2400 C 1 175
2 350 375 25
3 200
4 275 250 -25
5 250 250 0
6 325
7 400 400 0
8 425 400 -25
9 250 250 0
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10 300 300 0
Mean 321 318 -4
18 15 2400 D 1 275 300 25
2 375 375 0
3 275 275 0
4 325 325 0
5 500 500 0
6 200 200 0
7 525 500 -25
8 225 225 0
9 300 300 0
10 275 300 25
Mean 328 330 3
18 15 4000 A 1 275
2 225
3 500 500 0
4 400 375 -25
5 375 350 -25
6 250
7 450 450 0
8 250
9 250 250 0
10 225 175 -50
Mean 367 350 -17
18 15 4000 B 1 500
2 275
3 350
4 525
5 550 550 0
6 350
7 225
8 225
9 275 225 -50
10 200
Mean 413 388 -25
18 15 4000 C 1 500
2 450 450 0
3 350 300 -50
4 375 325 -50
5 250
6 475
7 525
8 325 350 25
9 325
10 300
Mean 375 356 -19
18 15 4000 D 1 225
2 325 275 -50
3 375 300 -75
4 475
5 325
6 550
7 400 375 -25
8 350
9 500
10 475
Mean 367 317 -50
18 20 380 A 1 425 450 25
2 250
3 275 275 0
4 200 250 50
5 425 475 50
6 525 525 0
7 500 575 75
8 450
9 325
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10 425 500 75
Mean 396 436 39
18 20 380 B 1 425 450 25
2 225 350 125
3 275 375 100
4 225 300 75
5 175 200 25
6 375 450 75
7 325
8 400 500 100
9 250 375 125
10 225 300 75
Mean 286 367 81
18 20 380 C 1 250
2 475 525 50
3 500 550 50
4 525
5 200 300 100
6 300 450 150
7 275 375 100
8 225 225 0
9 300
10 250
Mean 329 404 75
18 20 380 D 1 400 450 50
2 500
3 400
4 525 625 100
5 300 350 50
6 375 400 25
7 225
8 275 375 100
9 250 325 75
10 200
Mean 354 421 67
18 20 1120 A 1 425 500 75
2 400 450 50
3 475 500 25
4 325
5 250 300 50
6 275
7 225
8 200 250 50
9 225
10 250
Mean 350 400 50
18 20 1120 B 1 400 425 25
2 275
3 300
4 275
5 525 575 50
6 300
7 500 500 0
8 200
9 400
10 250 275 25
Mean 419 444 25
18 20 1120 C 1 425 450 25
2 250 275 25
3 175 200 25
4 225 250 25
5 250 300 50
6 200 250 50
7 350
8 625 625 0
9 400 425 25
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10 300 325 25
Mean 317 344 28
18 20 1120 D 1 225 225 0
2 200 250 50
3 325 375 50
4 300 375 75
5 175 225 50
6 450
7 425 425 0
8 275 300 25
9 375 400 25
10 525 600 75
Mean 314 353 39
18 20 2400 A 1 275 300 25
2 375 400 25
3 275 275 0
4 250
5 475 500 25
6 450 475 25
7 400 425 25
8 250
9 275 300 25
10 275
Mean 361 382 21
18 20 2400 B 1 200 225 25
2 450 450 0
3 350 325 -25
4 250 275 25
5 375 375 0
6 325 325 0
7 400 425 25
8 225
9 300
10 325
Mean 336 343 7
18 20 2400 C 1 275 300 25
2 225 250 25
3 200 200 0
4 400 375 -25
5 200
6 250 250 0
7 200
8 300
9 425 425 0
10 325 325 0
Mean 300 304 4
18 20 2400 D 1 375 375 0
2 200 225 25
3 325 325 0
4 400 425 25
5 500 500 0
6 275 300 25
7 225 250 25
8 275 250 -25
9 225 200 -25
10 425
Mean 311 317 6
18 20 4000 A 1 400 375 -25
2 350 350 0
3 375 375 0
4 575
5 200
6 400 400 0
7 250 250 0
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8 375
9 300
1 250 250 0
Mean 338 333 -4
18 20 4000 B 1 275 225 -50
2 275
3 275
4 275 250 -25
5 250 250 0
6 475 475 0
7 350 350 0
8 250
9 250 250 0
1 475 400 -75
Mean 336 314 -21
18 20 4000 C 1 225
2 250 250 0
3 250
4 300
5 300 275 -25
6 275
7 350 325 -25
8 325 325 0
9 275
1 275 250 -25
Mean 300 285 -15
18 20 4000 D 1 300
2 375 375 0
3 350
4 250 225 -25
5 225
6 250 250 0
7 375 325 -50
8 200 200 0
9 225
1 200
Mean 290 275 -15
18 25 380 A 1 400
2 425 425 0
3 300 350 50
4 400 425 25
5 300
6 225 250 25
7 400 400 0
8 225 250 25
9 275
1 275
Mean 329 350 21
18 25 380 B 1 250 300 50
2 375 400 25
3 225 250 25
4 275 300 25
5 325
6 275 350 75
7 275 300 25
8 300
9 500 525 25
1 175
Mean 311 346 36
18 25 380 C 1 200
2 450 475 25
3 325 375 50
4 250 300 50
5 250 300 50
6 325 375 50
7 425
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8 500 550 50
9 250
10 200
Mean 350 396 46
18 25 380 D 1 275
2 275 275 0
3 250 275 25
4 225 250 25
5 275 300 25
6 450 475 25
7 400
8 175
9 225 250 25
10 275 300 25
Mean 282 304 21
18 25 1120 A 1 450 450 0
2 275
3 300
4 350 375 25
5 500 525 25
6 525 550 25
7 475 500 25
8 450
9 325 550 225
10 550
Mean 438 492 54
18 25 1120 B 1 200
2 325 375 50
3 200
4 175
5 225
6 225
7 275 300 25
8 225 250 25
9 350 350 0
10 350 375 25
Mean 305 330 25
18 25 1120 C 1 200 225 25
2 300 325 25
3 400 425 25
4 250
5 250
6 350 350 0
7 150 175 25
8 475 500 25
9 275 300 25
10 400 400 0
Mean 319 338 19
18 25 1120 D 1 275 300 25
2 225
3 175
4 325 350 25
5 225 250 25
6 200
7 275 300 25
8 250
9 275 300 25
10 250 250 0
Mean 271 292 21
18 25 2400 A 1 225 225 0
2 450 450 0
3 175
4 325 300 -25
5 275 250 -25
6 325
7 225
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8 400 400 0
9 425 400 -25
1 175
Mean 350 338 -13
18 25 2400 B 1 225 200 -25
2 375 350 -25
3 325
4 425 425 0
5 250 225 -25
6 275 250 -25
7 300
8 300 275 -25
9 550 550 0
1 275 250 -25
Mean 334 316 -19
18 25 2400 C 1 300 275 -25
2 175
3 325
4 400 400 0
5 300 275 -25
6 275 250 -25
7 400
8 225 250 25
9 375 350 -25
1 350 350 0
Mean 318 307 -11
18 25 2400 D 1 350
2 275
3 350 325 -25
4 375 350 -25
5 325 350 25
6 250 250 0
7 450 425 -25
8 375 350 -25
9 250 200 -50
1 500 475 -25
Mean 359 341 -19
18 25 4000 A 1 225 225 0
2 350 250 -100
3 250 250 0
4 200
5 250
6 375 350 -25
7 175
8 375 375 0
9 200
1 375 325 -50
Mean 325 296 -29
18 25 4000 B 1 275
2 300
3 375 375 0
4 450 450 0
5 275
6 275 250 -25
7 275
8 175
9 275
10 300 250 -50
Mean 350 331 -19
18 25 4000 C 1 275
2 175
3 350 350 0
4 325
5 225
6 325 325 0
7 350 300 -50
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8 300
9 225
10 375 375 0
Mean 350 338 -13
18 25 4000 D 1 300
2 250 250 0
3 500 425 -75
4 300 250 -50
5 375 325 -50
6 200
7 200 175 -25
8 225
9 250 225 -25
10 225
Mean 313 275 -38
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Chapter IV

Response of benthic foraminifera to ocean acidification in their natural sediment

environment: a long-term culturing experiment
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Abstract

Calcifying foraminifera are expected to be endangered by ocean acidification, However, the
response of a complete community kept in natural sediment and over multiple generations under
controlled laboratory conditions has not been constrained to date. During six month incubation,
foraminiferal assemblages were treated with pCO, enriched seawater of 430, 907, 1865 and
3247 patm pCO,. The fauna was dominated by Ammonia aomoriensis and Elphidium species,
whereas agglutinated species were rare. After 6 months incubation, pore water alkalinity was much
higher in comparison to the overlying seawater as a result of remineralization processes.
Consequently, saturation state of Q. was much higher in the sediment than in the water column
in all pCO, treatments and remained close to saturation. As a result, the life cycle of living
assemblages was largely unaffected by the tested pCO, treatments. Growth rates, reproduction
and mortality, and therefore population densities and size-frequency distribution of
Ammonia aomoriensis strongly varied during the experimental period. The growth rates ranged
between 25 and 50 um per month, which corresponds to an addition of 1 or 2 new chambers per
month. According to the size-frequency distribution foraminifera start reproduction at a diameter of
250 pym. Mortality of large foraminifera was recognized, commencing at a test size of 285 ym at a
pCO, ranging from 430 to 1865 patm, and of 258 um at 3247 patm. The total organic content of
living Ammonia aomoriensis has been determined to be 4.3 % of dry weight. Living individuals had
a calcium carbonate production rate of 0.47 g m?a’, whereas dead empty tests accumulated at a

rate of 0.27 g mZ2a’. Although Q., was close to 1, some empty tests of Ammonia aomoriensis
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showed dissolution features at the end of incubation. In contrast, tests of the second most
dominant species Elphidium incertum stayed intact. This species specific response could be
explained by differences in the elemental test composition, in particular the higher Mg-
concentrations in Ammonia aomoriensis tests. Our results emphasize that the sensitivity to ocean
acidification of endobenthic foraminifera in their natural sediment habitat is much lower compared

to the experimental response of specimens isolated from the sediment.

IV.1 Introduction

Benthic foraminifera are the most diverse group of hard-shelled protists. They live at the
sediment-water interface, preferential in the uppermost 0—1 cm, or within oxygenated sediments
down to >12 cm depth (Corliss, 1985). It is expected that calcifying foraminifera will be adversely
affected by the ongoing acidification of the oceans. Surprisingly, previous experimental studies did
not report a consistent and uniform response, when living specimens were subjected to simulated
ocean acidification. Most benthic foraminifera were negatively affected at high pCO,
(Le Cadre et al., 2003, Kuroyanagi et al., 2009, Allison et al. 2010, Dissard et al., 2010, Fujita et al.,
2011, Haynert et al., 2011). In contrast, some species showed an indistinct sensitivity under
elevated pCO, (Vogel and Uthicke, 2012, Mcintyre-Wressnig et al., 2013). A further new study of
Keul et al. (2013) revealed that not pCO,, but rather COs% is the parameter which affects the test
size and dry weights of Ammonia species. All these studies cultured living benthic foraminifera as
isolated specimens without their natural substrate.

To date, no ocean acidification studies were reported to pursue culturing experiments with
benthic foraminifera in their natural sedimentary environment. The field study of Haynert et al.
(2012) in Flensburg Fjord exhibited that the carbonate chemistry of sediment pore water differed
strongly from the conditions in the overlying near-bottom water. Sediment pore water pCO, was
constantly high, ranging from 1244 to 3324 patm during the entire year. Nevertheless, as a
consequence of higher alkalinity, Q... was slightly supersaturated. Under these conditions the
benthic foraminiferal community was not affected by seasonally elevated bottom water pCO..

Benthic foraminifera are common in Kiel Fjord, western Baltic Sea, although seawater
carbonate concentrations are permanently low and are seasonally undersaturated with respect to
Q.ac (Thomsen et al., 2013). High biological activity and nutrient inputs characterized the area, and
organic-rich mud prevailed in Kiel Fjord (Nikulina et al., 2008). Degradation of organic matter
between the sediment-water interface influenced the underlying sediment chemistry (Graf et al.,
1984), and therefore the habitat of benthic foraminifera. Benthic foraminifera in Kiel Fjord
sediments were described in previous studies, initiated by Rhumbler (1935), followed by
Rottgardt (1952), Lutze (1965), Wefer (1976), Nikulina et al. (2008) and Polovodova et al. (2008).
These studies focused on taxonomy and distribution, and influences of temperature, salinity,
oxygen, heavy metals and food supply, but did not consider possible impacts of seawater
carbonate chemistry.
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Kiel Fjord represents a suitable habitat, where benthic foraminifera were found with high
population densities. The aim of this study was to investigate the response of foraminiferal
population by using a pristine assemblage from Kiel Fjord to elevated pCO, in their natural

sedimentary environment during a long-term incubation over six months.

IV.2 Materials and methods

IV.2.1 Field sampling and preparation

Foraminiferal samples were collected from station KF1 (54°20°713"'N, 10°10°160"'E, 13 m
water depth) in Kiel Fjord, southwestern Baltic Sea, at the end of April 2011. At this location, the
bottom sediment was silty fine sand. The sampling site was directly located to the station PF15-13
of Polovodova and Schénfeld (2008), where Ammonia aomoriensis (similar to Ammonia beccarii of
Nikulina et al. (2008) and Polovodova et al., 2009) is one of the dominating species in the living
assemblage.

Surface sediment samples were taken with a Mini Muc K/MT 410 corer equipped with four
tubes of 60 cm length and 10 cm inner diameter (Kuhn and Dunker, 1994), deployed from
R/V Polarfuchs. Altogether, 24 cores were taken. A graduated plastic ring was used to slice off the
uppermost one centimeter of the surface sediment (Schonfeld et al., 2012). The surface layer was
transferred with a spoon into 300 ml Kautex™ wide-neck containers. The samples were covered
with bottom water taken from the supernatant water of the coring tubes. On board, the containers
were covered with Parafilm to avoid contamination by dust or evaporation. Afterwards, the samples
were immediately brought to the laboratory at GEOMAR, where they were acclimated to culturing
conditions at 17 °C room temperature for four weeks. During that acclimation period, stock cultures
were aerated with compressed, humidified air and fed with 200 yl DT’s Premium Blend containing
living algae of Nannochloropsis oculata, Phaeodactylum tricornutum and Chlorella once a week.

After four weeks of acclimation, the seawater of the stock cultures was sucked off except a
few millimeters above the sediment surface. The sediment was homogenized with a spoon for a
few minutes. This technique was a simple and gentle way to achieve a considerable even
distribution pattern of benthic foraminifera inside the sediment. After homogenization, each culture
vessel was filled with 0.4 cm of sediment by using a spoon-shaped plastic spatula. At the end of
the experiment, the measured sediment height was 0.36 cm on average, which results at a given
culture vessel area of 42.25 cm? in a mean sample volume of 15.2 cm®. We prepared 84 culture
vessels, three replicate for four pCO, lines (380, 1120, 2400 and 4000 patm), combined seven
replicate sets per pCO, treatment were terminated. After spreading of the sediment, the culture
vessels were transferred into the experimental set up and filled up with seawater from Kiel Fjord.
For acclimatization and in order to restore the natural pore water chemistry in the sediments, the
culture vessels were kept for 20 days at temperature of 17 °C and a salinity of 16 until the start of

the experiment. This time was deemed necessary to achieve a full recovery of foraminiferal
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microhabiat pattern in a sub-cm scale (Ernst et al., 2002). During that time, 400 pyl DT’s Premium

Blend were added weekly into each culture vessel.

IV.2.2 Experimental design

The culturing of benthic foraminiferal assemblages from Kiel Fjord was performed in a
closed flow-through system modified after Hintz et al. (2004) and Haynert et al. (2011). The culture
vessels (6.5 x 6.5 x 4.5 cm) with an area of 42.25 cm? filled with a 0.4+0.1 cm sediment layer and
an overlying seawater column of 4 cm. A nepheloid detritus layer of 0.1 cm separated the seawater
from the underlying sediment pore water. The resulting pore water stagnation equates the
conditions in their natural habitat, where foraminifera concentrate in the upper oxic surface layer of
the sediment (Haynert et al., 2012). During field sampling we observed that the oxic sediment layer
varied between 0.5 and 0.8 cm.

Each culture vessel was flushed with 25 uym cartridge-filtered and UV-sterilized seawater
from Kiel Fjord. Four pCO, levels were adjusted by aeration of 5 | compact jerrycans with
compressed and CO, enriched air. The target pCO, levels were 380, 1120, 2400 and 4000 patm.
Treatment levels were chosen in order to simulate present day and future pCO, peaks, which are
transiently occurring today and are going to prevail for longer periods in future in Kiel Fjord
(Thomsen et al. 2010, 2013, Melzner et al. 2012). The preconditioned seawater from each tank
flowed through the culture vessels, which were three times replicated for each pCO, level. The
overflow seeped through the fissure between lid and vessel, and draining off to a sink. The flow
rate was adjusted to 0.16 ml s” which is sufficient to replace the water volume of the vessels
1.4 times per hour. The overflow drained off to a 60 | catchment tank. In the catchment tank, the
water was sparged with compressed air at a high rate, in order to remove the excess CO, before
the water was pumped back to the compact jerrycans. In order to avoid evaporation by aeration of
the seawater with compressed and thus dry air, the gas was humidified in gas-washing bottles
which were inserted in each compressed air connection. Evaporation of one liter per week was
compensated by refilling the system with deionised water. Food (400 yl DT's Premium Blend) was
added to each culture vessel every week.

Seawater temperature, salinity and pHygs (National Bureau of Standards pH-scale) were
measured weekly in each culture vessel. Total dissolved inorganic carbon (Ct), phosphate (PO43')
and silicate (Si) concentrations were determined monthly in one of the three replicates for each
pCO,-level. After six months, carbonate system parameters of total alkalinity (Ar) and pHygs of
supernatant seawater and sediment pore water were measured in one of the three replicates per
pCO.-level.

In order to monitor changes of the foraminiferal community during the incubation time, the
sediment of three culture vessel replicates were analyzed monthly for foraminiferal assemblage

composition. The experiment ended after six month.
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IV.2.3 Determination of water chemistry parameters

Seawater pHngs, temperature and salinity were determined with a WTW 340i pH analyzer
and a WTW Cond 315i conductivity meter. The pHygs-electrode was calibrated with standard buffer
solutions of pH 4.01, 7.00 and 10.00 (WTW standard, DIN/NIST buffers L7A). Precision was +0.01
for pHyes and +0.1°C for temperature. The precision of the conductivity meter was 0.1 salinity
units. Nutrient concentrations were analyzed in sterile-filtered (0.2 ym pore size) water samples.
Phosphate (PO,%) and silicate (Si) were analyzed colorimetrically in a spectrophotometer (U 2000,
Hitachi-Europe) at a wavelength of 882 nm and 810 nm according to Koroleff and Grasshof (1983).
The measurement precision was #0.2 umol " for phosphate and, in dependence of the
concentrations, 2.5 to 6 % for silicate.

Total dissolved inorganic carbon (Ct) was analyzed in sterile-filtered (0.2 ym pore size)
water samples taken from the culture vessels during the incubation time using an AIRICA
autoanalyzer (Maranda GmbH, Kiel, Germany) with a precision of 2—4 pmol kg'1. Accuracy of
Cr measurements was ensured by using certified reference material provided by Andrew Dickson
of the Scripps Institution of Oceanography (http://andrew.ucsd.edu/co2qc/). Seawater carbonate
system parameters pCO,, total alkalinity (At) and omega for calcite (Qg,c) were calculated from
pHnss, Cr, temperature, salinity, PO,> and Si values using CO2SYS software by Lewis and
Wallace (1998). Dissociation constants K; and K, were chosen according to Mehrbach et al. (1973)
as refitted by Dickson and Millero (1987) and KHSO, dissociation constant after Dickson (1990).

Water chemistry parameters of pHygs, Ar, temperature and salinity were analyzed from the
seawater and sediment pore water of selected culture vessels. Seawater samples from 0-2 cm and
2-4 cm water layers were sterile-filtered (0.2 ym pore size) and filled directly into 20 ml
PVC bottles. For sediment pore water analyses, sediment samples were transferred into 50 mi
centrifuge tubes and centrifuged at 3000 rpm for 15 min in order to separate the sediment pore
water from the sediment. The extracted pore water was transferred through 0.2 um sterile filters
into 20 ml PVC bottles. pHngs and temperature were measured using the WTW 340i pH analyzer,
salinity was determined with WTW Cond 315i conductivity meter. Total alkalinity (Ar) was
determined with a Metrohm titration instrument according to lvanenkov and Lyakhin (1978). A
greenish-brown Methyl-Red and Methylene-Blue indicator was added, and titration was performed
with 0.02M HCI and finished until a stable light pink colour occurred. During titration, the sample
was degassed by continuously bubbling argon through the solution in order to remove the
generated CO, or H,S. The measured values were standardized using an IAPSO seawater
solution. The precision of the alkalinity measurements was 0.37 %. Carbonate parameters pCO,,
Cr and Q. of seawater and sediment pore water were calculated from measured pHygs, Ar,
temperature, salinity, PO,> and Si values according to dissociation constants as specified above.

All chemical parameters are reported as mean values of replicate measurements (Table 1).
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IV.2.4 Foraminiferal processing

Benthic foraminiferal sediment samples were transferred in 100 ml Kautex™ wide-neck
containers, preserved and stained with Rose Bengal ethanol (94 %) solution of 2 g I”* for three
weeks following Lutze and Altenbach (1991). This period is sufficient to stain the protoplasm
completely with Rose Bengal in all tests of foraminifera (Schénfeld et al., 2012).

Samples were first passed through a 2000 um screen in order to remove mollusks shells
and pebbles. Subsequently the samples were gently washed with tap water through a 63-um sieve.
The fractions 63—2000 um and >2000 um fractions were dried at 60 °C for at least 24 h. The size
fraction 63—2000 um was picked completely for living and dead foraminifera. Samples were not
splitted. All Rose Bengal stained foraminifera were considered as living at the time of sampling,
whereas unstained tests were considered as dead. Living and dead specimens were sorted by
species. All species, except Ammonia aomoriensis, were mounted in Plummer cell slides with glue,
counted and measured using an eyepiece reticle on the Wild M3C dissecting microscope.
Ammonia aomoriensis was kept in single cell slides for further analyses.

Test morphometry of Ammonia aomoriensis was analyzed with an automated image
analysis system using a Leica Z16 APO microscope, and analySIS software (version 5.0) at the
University of Angers, France (cf. Bollmann et al., 2004, Clayton et al., 2009). Resolution of images
is 2.69 um?®. Due to the oval shape of Ammonia aomoriensis tests, the size of tests is given as
mean diameter, calculated from the minimum and maximum diameter.

The census data were standardized to population density given as individuals/tests per
10 cm™ sediment. Histograms were created depicting the proportion of living A. aomoriensis in
11 size classes from <50 to >500 um in 50 pm intervals and presented as average of three
replicates taken each month during the six months incubation time.

Dry weight of dead and living A. aomoriensis was measured using a micro-balance with an
accuracy of 1 ug (Sartorius, M3P-000V001). Dry weight per individual/test was calculated from total
dry weight divided by total number of individuals/tests.

Finally, tests of Armorella sphaerica and corroded specimens of A. aomoriensis were

photographed with a MiniPixie (MPX2051UC) digital microscope.
IV.2.5 Electron microprobe analysis

The two ranked species, A. aomoriensis and E. incertum, were prepared for Electron
MicroProbe (EMP) x-ray microanalysis (JEOL JXA 8200). We focused on the visual elemental
distribution of Ca and Mg on cross-sections of the tests, which were cultured at pCO, of 3247 patm
and retrieved after six months incubation. The advantage of this technique is high spatial resolution
(1 um), so that single foraminiferal tests can be analyzed (Kellner et al., 1998, Glock et al., 2012).
Tests of both species were embedded under vacuum into Araldite™ epoxy resin by using a

CitoVac™ vacuum embedding system (Struehrs™). Small drops of resin were used to fill the inner
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part of the chambers. The tests were set under pressure to collapse air inclusions inside the resin
and hardened in a drying cabinet at 60°C.

Using the Tegra-Pol-21 system (Struehrs™), the surface of the resin grinded down by hand
with alumu-silica grinding paper until the proloculus of the specimen became visible. The surface
was polished with different grades of alumo-silica and diamond paste (until 1 ym grain size) on a
self rotating polishing plate.

Prior to the measurement, each cross-section was carbon coated. The microprobe was
operated in a wavelength dispersive mode by using different Ka X-ray lines for each element. Two
different detector crystals were used for the elements Ca (crystal: PETJ) and Mg (crystal: TAPH).
The acceleration voltage was 15 kV and the beam current was 20 nA. The tests of A. aomoriensis
and E. incertum were mapped by 0.5 um step size and a dwell time of 500 ms. The results are

illustrated as maps of relative measured intensities for both elements.

IV.2.6 Calculations

Carbonate production and accumulation of the major calcifying species A. aomoriensis
have been calculated from the difference of dry carbonate weight of individuals or tests produced
or accumulated during six months incubation time. The production or accumulation rate in gram
refers to an area of 1 m” per year.

For 100 living A. aomoriensis from size fraction 200 to 300 um, the total organic contents,
including cytoplasm and organic linings of the test, was determined by combustion off the organic
material from the carbonate tests in a muffle furnace at 500 °C for 6 hours. The amount of total
organic contents is calculated from the weight loss and given as a percentage of the total dry
weight of the individuals (Table S6 in the supplement). This value was subtracted from total weight

to obtain the dry weight of shell carbonate (Table S5 in the supplement).
IV.2.7 Statistics

Two-factorial ANOVA was performed with the two parameters pCO, and incubation time
with STATISTICA 8 (Table 4). All measured raw data of each treatment were used for statistical

analyses. The data are given as mean * standard deviation.
IV.3 Results
IV.3.1 Carbonate chemistry
Seawater temperature and salinity were stable during the experimental period. Average
temperatures ranged from 16.4 to 17.2 °C and salinities from 15.1 to 15.9 (Table 1).

Phosphate and silicate concentrations changed markedly over the course of the

experiment. Phosphate concentration increased 31-fold during the first three months from 0.19 to
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5.86 umol I (Table 1). Mean silicate concentrations were in general high with 191.98 pymol I and
exhibited a threefold increase from 138.94 to 367.19 pymol I after two months (Table 1). By the
end of the experiment, concentrations of phosphate and silicate decreased again and achieved the
initial values that were observed at the beginning of the experiment.

In dependency to seawater pCO,, mean pH values ranged between 8.21 and 7.17
(Table 1) and were stable throughout the incubation period. Total inorganic carbon increased with
increasing pCO, from 2210.5 to 2464.2 pymol I (Table 1). The calculated mean pCO, levels of the
treatments were thereby 430, 907, 1865 and 3247 patm (Table 1). It has to be noted that
CO, concentrations in the unchanged air effected a higher pCO,, while the partial pressures at
higher concentrations lead to markedly lower pCO; levels than the target values. In the following,
we refer our results to the pCO, levels that were prevailed in the culture vessels (Haynert et al.,
2011). Mean seawater alkalinity was 2379.3 umol kg‘1 and did not differ significantly between the
treatments (Table 1). At a pCO, of 1865 patm, seawater Q. values decreased partially below 1.
High pCO, of 3247 patm caused permanent undersaturation of Qg with 0.57 on average
(Table 1).

The carbonate chemistry measurements revealed strong differences of pCO, and Qg
between seawater and sediment pore water in the culture vessels (Fig. 1). The sediment pore
water was characterized by higher pCO, and lower pH than the supernatant seawater in the
culturing vessel (Fig. 1, A and B). At the same time, pore water alkalinity (3127.8 umol kg’1) was
much higher than the bulk seawater alkalinity (0-2 cm water depths) of 2113.1 ymol kg'1 and the
water overlaying the sediment (2-4 cm water depths) with 2442.3 pmol kg'1. The accumulation of
Ar in the sediment caused a higher saturation of Q... and even in the highest pCO, treatment a

slight supersaturation, Q.,.>1 (Fig. 1, C and D, Table S1 in the supplement).
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Fig. 1. Gradient of carbonate chemistry parameters of (A) partial pressure of CO, (pCO.), (B) pHuss, (C) total
alkalinity (A7) and (D) saturation state of calcite (Q..c) in the seawater and sediment pore water for 4 pCO,-
treatments after six months incubation time.
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Table 1. Carbonate chemistry parameters of each pCO,-treatment in the culture vessels. Total alkalinity (Ar), partial

pressure of CO, (pCO,) and saturation state of calcite (Q..) were calculated from measured temperature, salinity,

pHues, total carbon (Cr), phosphate (PO,*) and silicate (Si). The standard deviation (1-sigma) refers to replicate

measurements.
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IV.3.2 Species composition and foraminiferal assemblages

The assemblages comprised five calcareous species Ammonia aomoriensis, Elphidium
excavatum excavatum, Elphidium excavatum clavatum, Elphidium gerthi and Elphidium incertum,
and the arenaceous species Ammotium cassis, Reophax dentaliniformis and Armorella sphaerica
(Table 2 and 3, Fig. 2).

The fauna was dominated by A. aomoriensis with 99 % of the living fauna and 85 % in the
dead fauna, whereas E. incertum was rare with 1 % of living individuals and 7 % of dead tests
(Table 2 and 3). All other species were very rare or were only occasionally found in the
foraminiferal assemblages. Accordingly, we will focus on the dominant calcareous species

A. aomoriensis in the following.

Fig. 2. Light micrograph images of the arenaceous species Armorella sphaerica.

IV.3.2.1 Population density, test diameter and reproduction of living Ammonia aomoriensis

The population density and size-frequency distribution exhibited strong variations due to
growth, reproduction and mortality of foraminiferal faunas during the six months incubation.
Incubation time had a significant effect on test diameter of living A. aomoriensis (F(5,45)=18.14,
p<0.01) whereas pCO; had no effect as a single factor (F(3,45)=0.61, p>0,05,Table 4). However,
the interaction of both, pCO, and incubation time was significant (F(15,45)=2.14, p<0.03). The size
distribution revealed growth cohorts which were characterized by a fixed, simultaneously
reproduction period. A further character of a cohort was the similar increase of test diameter and
the loss of individuals by death during the same period.

Initial population density of living A. aomoriensis fauna varied from 342 to 583 ind. 10 cm?
(Table S2 in the supplement) and mean test diameter ranged from 169 to 182 um (Table S2 and
8 in the supplement). Lowest mean population densities were observed in the 430 pyatm treatment
with 295 ind. 10 cm™, intermediate with 367 and 407 ind. 10 cm™ in 907 and 3247 patm pCO,-
treatments, and highest mean densities of 524 ind. 10 cm™at a pCO, of 1865 patm (Table S2 in the
supplement). Whereas the population density at 430 patm was relatively stable, the density
fluctuated considerably in the 907, 1865 and 3247 patm pCO,-treatments (Fig. 3).

Ammonia aomoriensis density declined strongly during the first month at pCO, of 1865 and
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3247 patm. An explosively increase of living Ammonia aomoriensis up to 610, 1378 and
518 ind. 10 cm™ was observed at pCO, of 907, 1865 and 3247 uatm after three months. A further
increase up to 602 ind. 10 cm™ followed at 3247 patm after five months (Fig. 3, A, Table S2 in the
supplement). The strong increase of population densities correlated with dominant reproduction
events at 1865 patm after three months, and two sequent reproduction events at pCO, of
3247 patm after three and four months as indicated by the occurrence of high numbers of small
individuals with a test diameter <100 ym (Fig. 4, Table S3 in the supplement). A less pronounced
reproduction event in the background was observed at a pCO, of 907 patm after four and five
months, though population densities were not affected (Fig. 4, Table S3 in the supplement).
Ammonia aomoriensis was able to reproduce from size class of 250 uym up to 350 uym, at 350 ym
40 % of the cohorts had reproduced. After reproduction, the growth of individuals at 1865 patm led
to an increase of the mean test diameter from 185 to 287 um until the end of the experiment (Table
S4 in the supplement). The mean growth of A. aomoriensis varied between 25 and 38 ym per

month during incubation, at the beginning specimens grew by up to 50 um within one month.
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Fig. 3. (A) Population density and (B) abundance of living and dead A. aomoriensis at 4 pCO,-levels during six
months incubation time. The symbols represent the mean in three replicates (mean * standard deviation).
Reproduction events are indicated by starlet and bold R indicate.
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Fig. 4. Histogram of size class proprotions of living A. aomoriensis during six months incubation. Light grey bars
represent relative proportion of 11 size classes ranging from <50 until >500 pm in 50 pm intervals. Mean test
diameter is displayed by the black diamonds and dashed lines. The number in each figure represents the number
of individuals (mean * standard deviation of three replicates). Reproduction events are indicated by starlet and
bold R indicate.

Manuscript: first draft to be submitted to Biogeosciences.



145

I1l. Publications and manuscripts

ime, size

t

incubation

th

Ing SIX mon

fera collected from each culture vessel duri

ini

foram

iving

Table 2. List of |

fraction 63-2000 pm.

0 0 0 0 0 0 0 slenpialpul pajeunn|Bbe jo Jaquinu [ejo

siioyuieuap xeydoay

29¢ Z9¢ 0€9 88/ v0zZ 156 £¥G  S[BNPIAIPUI SNOBIEJED JO Jaquinu [ejo]

¥l <l wingreoul wiipiydig

WIMBABID WIMBABIXS Winipiydig

WINIRARIXD LINJBARIXS WHIpIYd|F

0001 88¢ 07001 Z9¢ 0001 0€9 0001 88/ 000} v0Z 986 8¢6 0001 £vs SISUSLIOWIOR BIUOWILIY
saadg v /06

¥'6/2 EEED 0'6¥F Syt £0LE (.. W ol "pur) Aysuap uolye|ndod

AL ]! 'Sk S 5L (W) aWnjoA JuaWIpas

Z I L < l Jaguinu sapadg

Sz F3>x4 £89 L84 Zit suawoads Bujal Jo Jagquinu [ejo)

0 0 0 0 0 S[enplAlpul pajeuln|bbe jo Jaquinu [ejo |

SOy uieuap xeydoay

S €2 £89 i€ T/t Slenppul snoalesed Jo Jaquinu [ejo]

A S [ 0% winseaut winipiydig

wimeAejd Wwinjeaeadxa E_EPED.-N

L0 L LM eABIXa WhjeAedxa EEDEQ_M

886 0Z¥ 07001 182 0001 $89 856 90. 000l it SISUSIIOWIOR BILIOWILIY
s8|oadg 2 0t¥

5'6ee ¥'20¢ 2892 ¥'96¢ 1'¢0% £BES 9692 (;, Wd 0} "pul) Ajisuap uope|nded

Sl St ]! ]! 'Sl Sl A (W) BWNOA JUsWIPeS

Z 8 Z 1 Z < L Jaguunu wo_ooaw

£re 09¥ g0t £09 Zav 915 ¥Ot suawioads Buial Jo Jagwinu [ejo]

0 0 0 0 0 0 0 SlenpiAipul pajeunn|BBe jo jaquinu [ejo|

SiiiofueItap x mﬂuomm

Tre 09% 80% £09 Z9v 915 ¥0F  SIBNPAIPUI SNOB1EJED JO Jaquinu [ejo]

0e z ¥E ¥l 8C gL 29 ze wineoul winipiydig

WeABD Wmeaedxa E:.:qu._m

0 Z WimeAedxa wimeAedxa E:.:QESM

086 9cc 0°001L 09¢ 996 ¥6¢ 0°00L 09 T/6 6¥r €6 Zst 0001 ¥t SISUBILIOWIOR BILOWILIY
salpadg g 0g¥

1192 T 1842 1881 /%S IR 244 0'6tt (;.Wo 0l "pup) Aysuap uopye|ndod

6L A ]! ]! 'Sk 5L 6k (W) WA JUaWIIpaS

L L L L Z b L Jaguunu mo_omn_w

26¢ Ll £y /82 625 9/9 £89 suawioads BuiAl Jo Jagquinu [ejo)

0 0 0 0 0 0 0 SIenplalpul pajeuln|bbe Jo Jaquinu [ejo |

Siiofueldap X m:Qomm

26¢ Il forad 192 625 949 €89  S[BNpIAIpUI SNoalesled Jo laquinu [ejo]

e 8 67 £e wingseout wiipiydig

L0 1 wimeAejd WwinjeaAedxa E_EPED.-N

€0 Z wineAgaxe WinjeAedxa wiipiydig

0001 86 0001 ZL 0700k €2y 0°00) 8¢ L'v6 LS L6 0¥9 0001 £89 SISUBIIOWIOR BILOWILY
se|oadg v 0g¥

% Jagqualda( % JagquiaAaoN % JagoloQ % ._mnc._mﬁmw %y 15 :m:< % Z:-. % aunr wirl £9<
syjuoy mm_umn_m |elajiuiuelc) mc_>_|_ EUEHmmbumOOQ

Manuscript: first draft to be submitted to Biogeosciences.



I1l. Publications and manuscripts

146

132

000} 8l

0°00L

A%]

2e6

0001

¢l0c

cL02

0001

958

968

0001

1433

1430

0001

88¢c

88¢

S|ENPIAIPUI SNOSJBI[ED JO Jaquinu [BJO]

wingseoul winipiydig

WiINJBABID LINJEARIXS WINPT
Win)BARIXS WINJBABOXS Wnipiyd|3
SISUSLIOWIOR BILOWILLY

saads

g 6981

9666
Z'Gl

Sv8

6'¥6.
Z'sl

6021

%44
Zsk

vi9

5901
fa=1%

29l

799
25l

L0k

9'84¥
Gl

8¢/

(- Wd L "pul) Ayisusp uone|ndod
ﬁmEuu AWINOA JUBLWIPaS

suawioads Buin

Jagwnu saiadg
1O Jaguinu g0l

Sv8

000k Sv8

6021

0'00L 6021

000}

¥19

vi9

0°00L

ol

413

000k

2013

Lot

000}

8cs

8cs

s|enpialpul pajeunn|bbe jo Jagwnu |ejo]

siwtioguierusp xeydoay
SISS B2 WnjoWILLY

S[ENPIAIPUI SNOSJEI[BD JO JaquINU [e}o |

winyseoul winipiydi3

WINBABD LUINBABIXS WNIpIydiT
LWINJBARDXS LIMBABIXS WINIPIYd|F
SISUSLIOWIOR BILOLLILLY

sa1adg

v 5981

L€0¢€
Z'st
3

<9r

¥95¢
sl

06¢€

0169
sk

1501

£999
st

¥L0L

S
st

1434

9692
sl

oLy

(WD 0 "‘pul) Ajisuap uole|ndod
ﬁmc.._ov AWNOA JUBWIPag

suawioads Buin

Jaquinu sapadg
0 Jagwinu [ejo]

0

aar

0001 414

000k

06¢

06¢

0001

LS0L

LS0L

0°00L

¥L0L

yL0L

<l

0
S'86

ciy

L0¥

000}

oLy

1137

sjenplaIpul pejeunn|bbe jo Jaquinu |ejo|

suuioyueiusp xeydoay

S|ENPIAIPUI SNO3JBI[ED JO Jaquinu [BJOo]

winJaour winipiydig

WIMBABIO WINjBABIX2 Winipiydi3
LN BABOXS LUMBARIXS WNIpIydl3
SISUSLIOWIOR BiIOWILLY

saladg

0”106

vole
Z'Gl

0ce

o'Lie
1

24>

029
'Sl
l

9¥6

8'9¢l
Gl
L

80C

6Cly
A1

8¢9

1295
<Gl

558

(W0 0L "pul) Ajisuap uope|ndod
(;W2) BWNJOA JusWIPaS

Jagqwinu sapads

suawioads Buiay jo Jaquinu [ejo]

oze

000} oze

Lge

000l Lze

0001

0

9¥6

9¥6

0°00L

0

80¢c

80c

£l

186

829

029

000}

GS8

568

S[EnpIAIpUl Pajeupn|bbe Jo Jaguund [8j0L

siuLiogiuieluap xeydoay
goliaeYyds BjjaiouLy

S[ENPIAIPUI SNO2JBI[BD JO JaquInU [8}o]

winjseaul winipiydi3

WINBABID LINJBABIXS WNipIydi3
LN BABDXS LIMBABIXS WNIpIYd|T
SISUSIIOWIOR BILOLILLY

sa10adg

g /06

1'S5C
A1

88¢

0'8ec
'St

c9¢

iy
Gl

0€9

181G
cst

884

L'vEL
¢St

{04

fA=TA]
st

156

0°/6€
<St

ers

(WD 01 ‘pul) Aysuap uone|ndod
(W) sWn|oA JuaWIpag

Jaguinu sapadg

suawpads Buiny Jo Jagquinu [ejol

Manuscript: first draft to be submitted to Biogeosciences.



147

I1l. Publications and manuscripts

0001 8y

0001

Zv9

0001

88¢L

0001

62F

€0
90
1'e6

Lie

0001

WNBABIO WMBABIXS LUNPiYd)T
WINJBABI XS WIMBABIXS WNIPIYC)T
SISUSIIOWIOB BIUOWILLY

saadg

o ipze

gere
st

0/€

0'lee
st

9l¥l

S'L9v
[

co/

Gzse
'Sk
3

8¢

09vL
sk

cce

L'zvl
sk

e

(W | "pul) AjIsuap uolje|ndod
(W) BWNOA JusWIpas

Jaguinu saadg

suawinads Bulall Jo Jaquinu [BJo|

0€

000k 0ie

9Lyl

0001 9Ll

0°00L

cos

(4173

0001

0

8¢

8¢

0°00L

cie

[a#4

S0

L9l
60

0ce

9lc
Se

8.1

000k

€LLL

S[ENpIAIpUl paJeUnN|bDE Jo Jaquinu [ej0]
siuogueuep xeydoay
S[enpIAIpUI SNO21BI[EI JO Jaquinu [ejo]

winLBOUI WnIpIYyd)g

WNJBABID LNJEABOXS LWINIPILd)
WIMBABIXS LIMNBABIXS WINPT
SISUSLIOLLIOE BILOWILUIY

sa10adg

= IPAL4>

0'98C
26t

Sev

9'65S
26l
3

Sv8

629
<Gl

¥04

9'88¢c
<'sh

165

£Zle
sl

Si¥

¥'09Z
sl

96¢

8'85S
Zst

058

(. wo o} "pul) Ayisusp uole|ndod
AmEuv QWIN[OA JUaWIPRS

Jaquinu sa19adg

suawipads Buiall Jo Jequinu [Bjo]

Ser

0001 SEP

0

Sv8

0001 Sv8

0001

0L

0L

000l

L6S

L6S

0001

Siv

Siv

Sy

80
Lv6

96¢
8l

SlE

0001

068

058

s[enpiaipul pajeunn|bbe jo Jaquinu [ejo]
SiiofulB)Uap Xeydoay
S|eNpIAIpUI SNO3JEDJBD JO Jaguinu [Bjo]

wimRouy Winpitdys

WMBABID WMBABRIXS LUNPIYd)T
WIMBABIXS LIMBABIXS WNIPItdIT
SISUBIIOWIOR BIUOLILLY

saoadg

v IbZE

6°0L¥
=12

Sc9

Levl
'Sl

pA T

8'1Z6
<Gl

[49 4%

Sveel
'Sl

7454

G'00¢g
'Sl

LS¥

0L
A

801

0CLS
sl

048

(;wa o} “pur) Ayisusp uone|ndod
(;W9) awnjoA Juawipag

Jaquinu saoadsg

suawipads Buial Jo Jaquinu [Bjo]

S29

000k SZ9

pAY4

0001 pAY4

0001

covl

0¥l

0001

(X4 %4

Leke

0°00L

A<

FAS ]

000k

801

801

000k

048

048

S[ENPIAIPUI Pa1BUNN|BDE JO Jaquinu (8101
siuLopul RSP Xeydoay

SISSBO LWNNOLLULLY

S|enpIAIpUI SNO2J1edJed JO Jaguinu [Bjo]

wnisaul Wnpiydig
ypeb wnipiydig

WNJBABID WINJBABIXS LWNIPId)g
WIMBABIXS WINJBABIXS WINPT
SISUSLIOWIOB BILIOWILY

saloadg

D 6981

9'4L
st

8Ll

8¢CLs
<S5l
3

Zee

€29¢k
'Sk

L

2202

8295
'Sk

958

06
sk

FLl

€681
st

88c

(W | "pul) Ajisusp uole|ndod
(WD) BWNoA JUaWIpas

Jaquinu saadg

suawioads Buiall Jo Jequinu [BJo]

0

0

S[ENPIAIPUI pajeunn|Bbe Jo Jaquinu [e10]
siLioguyBlusp xeydoay

Manuscript: first draft to be submitted to Biogeosciences.



I1l. Publications and manuscripts

148

C8LE L'zey 9C1L6 1'28e €8l L'8LY (W 0| "pur) Aysuap uone|ndod
¢St <Gl <Gl ¢sl <Gl 41 (W) swnjoa Juswipag
k I l b 4 L Jaqunu sapadg

¥8F v9 88EL 6 (4% 9€9 suswioads Buial Jo Jaquinu [ejoL

0 0 0 0 0 0 S[eEnpIAIpUI pajeuln|Bbe Jo Jaquinu [ejo)

s iopuieyuap xeydoay

8t cv9 88EL 6% [A%S 9€9  S[ENPIAIPUI SNO2IED[BD JO Jaquinu [ejo]
¥'S gl winydeour wimipiydg

Manuscript: first draft to be submitted to Biogeosciences.



ion

149

fract

ime, size

t

ion

incubati

th

Ing siXx mon

fera collected from each culture vessel dur

mni

44 Zl S 0 0 9 Z s[enplalpul pajeulin|bbe jo 1aquinu [ejo

98 [A2 > k61 S €6 9 ¥ Z Snuiofiueyuap xeydoay

gee 1% T4 vyl ot 801 (34" S|enplAlpul SNos.ed|ed Jo Jlaquunu [ejo]

o4 9 8¢ oL S ¥ €9 6 GlI L 64 6 vl Z winyeauf wWnipiyd3

90 Z %0 LL0 L 60 [ € winjeARO WINJEARIXS WNipiyd(3

80 Z Ll 9 80 Z 10 I S € 81 Z L0 l winjeAgXa WinjeABdXa winiprid|3

€88 ZZ t'L6 gLe v'G6 v ¥'¢6 €el 06 0€ C'¥8 96 t'¥6 Sek SISUDLIOWIOE BlUOLILLY
saloadg Y106

o9rl G'zoz 098l £'69 L'€C (WD 0l SIS8)) BdUBPUNCY

Gl A 2’6k 6L Z'sk (W) BWnjoA JuawIpag

¥ ¥ ¥ < ¥ saloads Jo Jaquinu [ejo]

[444 30¢ 98¢ 901 9¢ S|enpiaipurjo Jagunu jejo]

S € S 8 L s[enpialpul pajeulinibbe jo Jaquinu [ejo]

o4 S 0l € L S G4 8 8¢ I suuiofiujeluap xeydoay

yA%4 S0¢€ 18¢ 26 GE S|enplAlpul SnoaJed|ed Jo Jaquunu [ejo]

G'6 e 96 gl s Sl 9€C GZ €8 € winjat] wnplydi3

9'G 4 WINJBABIO WINJBABOX S LWPIYCT

0'G L 0L € 0L € WINJBARIXS WINJBABIXS LUNIpIYCT

£Ees GglL Z'¢é6 8¢ 0'¢ce €9¢ 689 €l £¢s 0g SisUaLiowoe elliolLYy
saadg o 0gk

6'66 ¢'L0L L'v6 LYl GiE o8 74 09t (W2 0 SIS9)) BdUBPUNTY

¢GL <Gl Gk Gl 26k A ¢Sk (W) BWnloA JuawIpag

4 [~ < b4 b b ¥ mm_umn_m Jo laquinu |ejo]

Zsk €91 Pyl e S ki 04 S|enpiaipurjo Jagunu jejo]

¥ 8 € ¥ ¥ S 4 s[enplalpul pajeulin|bbe jo Jaquinu |ejo)

9 ¥ 67 g 1z € 91l ¥ 04 2N A S B¢ Z suogujeiuap xeydoay

8rl G5l Lrl g€le €5 801 89 S|enplAlpul Snoa.ed|ed Jo Jlaquinu [ejo]

AN L 0L 8L L6 ¥l 09 gl 8¢ €l 98l lZ 9% 9 wingRau] Wnplydi3

gl [ ¥l 1 WINJBABIO WINJBABOX S LWNPIYCT

9¢C ¥ GG 6 S0 L 91 L LT € WinJeAROXS WINJBABOXS tinipitid|3

g¢ce gl 191 GZlL Z'ge L L6 661 t'89 6 ¢¥. ve L'i8 19 SISUSLIOWIOE BIUOLWILLY
saadg g 0¢k

68 £velL v'eee 76¢El 9Le 19 L L (W2 O SIS9)) BdUBPUNTY

ZGl ZGl Z6GlL ZGlL 26l Z6GL 'St (W) awnjoA Juawipag

g 14 € ¥ ¥ ¥ 14 s319ads Jo Jaguinu [ejo]

0ZL 681 GGE [4%4 14 96 9Z S|enpiaipul Jo Jaquinu |ejol

Z 12 Lb 9 ¥ ¥ l S[EnpIAIpUI pajeulin|bbe Jo Jaquinu [ejo

L ¢ ¢ 2> L 8¢ 9 ¢8 ¥ Tt v 8¢ I snuoguieiuap xeydoay

gL cel e 90¢ 2% 6 14 S|enplAlpul SNO2.BJ|BD JO Jaquunu [ejo]

Gl 6 86 L ¥S 6L L9 g€l G/¢ gL Z'lL LV L Z wingreot] winipydi3

80 L L'z L SLL € WineABID WINJEABIXS Winipiydi3

80 LG8 9l g0 2 v 4 WinJeAROXS WINJBAROXS tinipitd|3

68 0L 9'€8 g5l G'L6 S¢e 906 261 LTS GZ 0¥L L. 6'9. 0g SISUSLIOLLIOE BIUOLWILLY
sajoadg Y 0Eh

o loquiada(q %  JOQUIaAON % 1200100 % Joquoydes % 1snbny % Anr % aunp wri ¢o<
SYjuoy sajpads |elgjujwelo) peaq  Juawjeal-£O0d

I1l. Publications and manuscripts
Table 3. List of dead foram

63-2000 pm.

Manuscript: first draft to be submitted to Biogeosciences.



I1l. Publications and manuscripts

150

8Ll

0001 8Ll

000k

g6

A3

0001

02

(A

0°00L

968

958

0°00L

1433

1493

0001

88¢

88¢

S[ENPIAIPUI SNOAJED[ED JO Jaquinu [8)o]

wimasau wnipiydi3

LN BABD LWIMBABIXS tUmpiyd|3
WINJBABIXS WIMBABIXS LUNIPIYT
SISUBILIOWIOR BIUOWILLIY

sanadg

g 6981

9956
'St

Sv8

6'¥6.
'Sk

60CL

L'ery
413

29

590l
'Sl

29l

¥'98
'Sk

1oL

9'8Ly
[

8¢/

(WD | "pur) Ayisuap uole|ndod
AmEov BWIN[OA JUSWIPRS

laquinu sawadg

suawioads Buin Jo Jaquinu [ejo]

Sv8

000k Sve

60¢L

0001 60¢CL

000k

¥49

¥19

0°00L

<9l

29l

0°00L

0L

10)8

0001

0

8¢l

8¢.

s[enpiaipul pajeunn|Bbe jo Jaquinu [2jo]
s ojiueIuap xeydoay

SISSBO WNKOWHLIY

S[eNpIAIPUI SNO1BI|ed JO Jaguinu |ejo |

wim.RoU Wnpiydi3

LN BABIO LUMBAROXD WPy
WiNJBABIXS tMBABIXS LWNIPIYAIT
SISUSLIOWIOE BILIOWILLY

sg|0adg

v 5081

£€0e
st
3

29

¥'95¢
cSL

06¢€

0'L69
sk

LSOL

£'999
<Gl

L0l

SLiZ
sk

(a4

9692
Z6GlL

0Ly

(W0 01 "pul) Alisusp uone|ndod
AmEuv 2WIN[OA JUBWIPRS

Jaquinu saoadg

suswipads Bulall Jo Jequinu [ejo]

0

Z9v

0001 9

000k

06¢

06¢

000k

LSOl

LSOk

000k

rL0L

¥LOL

'l

<0
5’86

ely

L0¥

0001

0

oLy

1134

S|enpIAipul pajeunnibbe Jo Jaquinu 8oL
siuLiofulBIuep xeydoay
S|EeNpIAIpUI SNO3JEI|ED JO Jagquinu [8)o |

wimaaauy wmpiyd|3

LWNJBABIO LWNIBABOXD LNIPIYCT
WINJBABIXS LNJBAROXS LUNIPIY)T
SISUSLIOWIOR BILIOWILLY

salnadg

07106

¥olc
¢St

0Ze

0'kic
=14

343

0°2e9
[=1%
b

9¥6

89¢cl
'Sl
l

80Z

6Cy
[-1%

8¢9

1'28S
[

568

(W5 01 "pur) Aysusp uone|ndod
AmEuv SWIN[OA JUBWIPRS

Jaquinu sanadg

suswivads BuiAll Jo Jequinu [gjo]

0ze

0001 0ce

Lze

0001 e

000l

0

9¥6

or6

0°001

0

80¢

80C

el

486

8¢9

029

000l

0

§68

GG8

S|enpIAIpUl pajeunn|boe Jo Jaquinu [8joL
SiLLIofUNBIUSD XBydoay

eoloBYdS BljalouLy

S|enpIAIpUI SNOAJBI|Ed JO Jaquinu [B1o]

wineou wnipiyd)3

LN BABIO WIMBABIXS LNIPIyd)F
WNJBABIXS LUNBARDIXD LWNPIYC)T
SISUSLIOLIOR BILIOWILLIY

sa|0adg

g /06

L'G5C
¢St

88¢

0'8ec
[-1%

cot

iy
¢sh

0€9

L'8LS
sk

882

L'vEL
sl

¥0c

(A=A
sk

156

0°45¢
[

€¥S

(W5 (| "pur) Aysusp uone|ndod
(W) swnjoA Juswipag

Jaquinu sanadg

suawioads Guial Jo Jaquinu [ejo|

Manuscript: first draft to be submitted to Biogeosciences.



151

I1l. Publications and manuscripts

0l I ¥'e ¥ Wi eABd LWMeAeaxa wnipiydi3

Lk 3 e £ 'y ¥ 68 [ € WIMBARIXS WM EAROXS WIMpIYd|T

006 ¥G 826 8cl €8 ¥/ LG8 ¥8 L'e8 €0l 676 961 SISUSLIOLIOE BILOWILLY
saloadg D ivZe

L'vy 9'le 9LL 169 £'es s 2’19 (;Wd 0l s1s8)) 8oUBPUNGY

Zsl st Zst ¢Sl Z'sl ¢st Z'st (. Wa) swnjoA Juswipag

€ 4 S 14 14 S S s819ads JO Jaquinu [Bjo|

89 8% gLl 90l L8 Gcl 76 S|ENPIAIDUI JO JaguInu [BjoL

S € < 8 12 9 b S|enpIAIPUI pajeulin|bhe Jo Jaquinu [ejoL

¥l S €9 g 2l < G4 8 6¢ ¥ 8v¥ 9 I I siutiofuiejusp xeydoay

€9 St 9Lt 86 1L 6L1 €6 S|ENPIAIPUI SNOR1ED|ED JO JaqUInU [BjO L

6'S ¥ €8 ¥ 611 vl G1 8 Vi g9 0¢cl Sl €6 S winyigouf wimpiydi3

80 L 9l Z ¥9 9 WIMBABIO WM BABIXS WINPIYd|T

|4 L 80 L 61 ¢ <l L 80 [ 4 4 WIMBABOXS WM BABOXS WPy

8'98 65 €£'¢8 or L'¥8 00l 0O€e 88 v'98 0. 908 0L 1'G8 08 SISUSLIOWIOE BjuOWILIY
sa102dg a /+2¢

Z20e 6'LS 9vS ¥ 79 8'c8 ey G'6E (W 0| s)s8)) BdUBPUNGY

Z'Gl csh 25t cGlL Z'sl Zst Z'st (;w2) swnjoA Juswipag

€ 4 S ¥ 4 ¥ S saoads Jo Jaquinu [Bjo]

o 6/ £8 26 acl 99 ¥S S[ENPIAIpULJO Jagquinu [Bjo]

9 [4 4 € 0 € b S|enplAlpul pajeunn|bbe Jo Jaguinu [ejoL

ol 9 ¢6¢ Z ¥ Z L't € S € 61 8 siudiojuifejuap xeydoay

or 12 18 G6 9zl €9 €S S|enpIAIpUl SNO3IEIJ|ED JO Jagquinu [Bjo ]

c'c L €9 S 8" ¥ 26 6 G6 ¢l 8GC L L 9 winyisour winipiydi3

'l L 9l Z 96 € WIMBABIO WM} BABIXS WINpIyd|T

S < < L 0t I ve € Sl Il 99 € WiNJeABOXS WM BARIXS WNPIYd|T

g'v8 6¢ 9'88 0L v08 S. 198 G8 G'98 601 Z'89 Sy 6'GL (34 SIsusLiotior eilowitly
se108dg A 4N

9vrl 905Gt 6'8C g'9s [ArA% G'lE Z2'ze (W 0| s189)) 2IUBPUNGY

Z'sl sl Zst Z'Gl Z'sl Zst Z'st (;W2) swnoA JuswIpas

S 14 € S € ¥ 9 sa19ads Jo Jaquinu [Bjo]

0ce 6¢¢C (44 98 6 LS 6F S|ENPIAIDUI JO Jaguinu [BjoL

Zl 8 0 I 0 Z Z S[eNpIAIpUI pajeulyn|bie Jo Jaguinu [ejo L

0's L S¢ 2 'l L Ge ¢ v 4 siuLiojiulejusp xeydosy

S0 3 SISSed winjouruy

80¢ (a4 144 g8 514 Ss a4 S[ENPIAIpUI SNOSIEJ[ED JO Jaquinu [Bjo]

60 ¢ I¢c¢ S 'l L 0¢ Il G¢€ Z Ze ¥ winpisoul wnpiydi3

0¢ b 14406 winipydi3

Sv c 7l L col S WinjeABl WinjeAgaxa Wnipiydig

S0 L 2¢ S €¢ L 86 S 19 £ 81l L Z8 ¥ WINJBABOXS WIMEBABIXS WNIPIYT

CE6 so0c L'ce L 2€6 ¥ 206 8. €'l St 26 ¢S €49 €e SISUBLIOWIOE BiLOWILIY
saloadg 076981

< 0L ¥'6¢ £8Z g've 8'8¢ 1A% Am.Eo 0} S)s9)) 2dUBPUNGY

A~] Sl Gl 'St A 'Sl (;Wa) swnjoa Juswipas

¥ ¥ € € [ ¥ sapads Jo Jaquunu [Bjo]

€91 09 4 €5 66 99 S|ENPIAIpUIJO Jaguinu [Bjo]

9 c L 14 8 0 S|[enpIAIpUI pajeuljnibhe Jo Jaguinu [ejo L

L'€ 9 ¢€¢ Z €¢ [ ¥ g€l 2 siutioiuiejuap xeydoay

Manuscript: first draft to be submitted to Biogeosciences.



I1l. Publications and manuscripts

152

¥'6€ L06 G'8G ¥¥9 g'ie SOLE (WO 0| $Jsa)) ddUBPUNYY

Gl fA=1" <Gl 'Sl 2’6l Z'GlL ((W2) swnjoA Juawipaeg

¥ € 14 14 14 G s9l0ads Jo Jaquinu |BjoL

09 gel 68 86 4% 891 S|ENPIAIPUL JO Jaguinu Bjo )

I ¥ 9 0 Z I S[enplAlpul p2)eu)n|bbe Jo Jaquinu (8o

Ll I 6¢ ¥ L9 9 9l Z 90 L siuLiofulsiuap xeydoay
6G el €8 86 [443 91 S|enplAlpul snoaJedled Jo Jaquinu [ejol

L9 ¥ € 9 /9 9 T6 6 G9 8 ¥C 14 winieaul wipiydig

Manuscript: first draft to be submitted to Biogeosciences.



lll. Publications and manuscripts 153

IV.3.2.2 Abundance and test diameter of dead Ammonia aomoriensis

The abundance of the dead fauna ranged from 24 to 61 tests 10 cm™. At pCO,-levels of
430 and 907 patm, their abundance increased steadily until the 4th and 5th month, and
subsequently decreased until the end of experiment (Fig. 3, B, Table S2 in the supplement). In
contrast, at pCO, of 1865 and 3247 patm, the number of A. aomoriensis tests did not significantly
change until the 4th month (Fig. 3, B). Afterwards, the number of empty tests increased by 80 % at
1865 patm until the end of the experiment (Table S2 in the supplement). These results correlated
with a strong decline of population densities from 1378 to 338 ind. 10 cm” from the third to the fifth
month (Fig. 3, A). At 3247 patm, test abundance decreased to 32 tests 10 cm™ at the end of the
experiment (Table S2 in the supplement).

The mean test diameter ranged between 290 and 283 ym at pCO, from 430 to 1865 patm.
At higher pCO, of 3247 patm, test diameter was clearly lower with 258 ym (Table S4 in the
supplement) which indicated a frequent mortality of large and adult foraminifera up to 1865 patm,
whereas at higher pCO, a frequent mortality of smaller and younger individuals was recognized.
Test diameter of dead A. aomoriensis was significantly effected by incubation time (F(5,46)=16.65,
p<0.01) but not by pCO, (F(3,46, p>0,05) (Table 4).

Table 4. Two-way analysis of variance (ANOVA) revealed the effect of pCO, and incubation time on test diameter of
A. aomoriensis. Significant results are represented in bold. SS = Sum of Squares, d.f. = degrees of freedom, MS =
Mean Squares.

Test diameter of living A. aomoriensis

Factor SS d.f. MS F p
pCO, 1213.0 3.0 404.0 0.61 0.6100
Incubation time 59800.0 5.0 12000.0 18.14 0.0000
pCO; x time 21200.0 15.0 1412.0 2.14 0.0250
Test diameter of dead A. aomoriensis

Factor SS d.f. MS F p
pCO, 7351.0 3.0 2450.0 2.46 0.0750
Incubation time 83000.0 5.0 16600.0 16.65 0.0000
pCO; x time 21800.0 15.0 1450.0 1.45 0,1630

IV.3.3 Dry test weight

The initial dry weight per individual of living A. aomoriensis was 1.56 yg on average (Fig. 6, Table
S5 in the supplement). With increasing test diameter, the dry weight per living individual increased
constantly, but no significant differences of dry weight-diameter ratio were observed between the
different pCO, treatments (Fig. 5, A). Dry weight per individual increased by 68, 57, 70 and 62 % at
a pCO; of 430, 907, 1865 and 3247 patm until the first month (Table S5 in the supplement). At 430
and 3247 patm, dry weight per individual did not change significantly any more until the end of the
experiment (Table S5 in the supplement). In contrast, the dry weight of A. aomoriensis increased
up to 7.30 ug at a pCO, of 907 patm after two months (Table S5 in the supplement), which
correlated with an increase in test diameter by 116 uym on average (Fig. 4). At a pCO, of

1865 patm, dry weight per individual decreased significantly to 1.30 ug after three months
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(Table S5 in the supplement). These results correlated with the reproduction events and resulting

dominance of small foraminifera of size classes <50 up to 200 um (Fig. 4).
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Fig. 5. Total dry weight of (A) living specimens including cytoplasm and (B) empty test of A. aomoriensis in relation
to mean test diameter for the 4 tested pCO,-treatments.

In comparison to living A. aomoriensis, mean dry weight per empty test was higher with
6.18 ug on average (Fig. 6, Table S5 in the supplement). This probably results from the more
frequent reproduction or mortality of large specimens. Similar to the dry weight of specimens from
the living fauna, no effect of any pCO, was observed with empty tests (Fig. 5, B). In accordance to
changes in test diameter, the average dry weight per test changed during the experiment. At 430
and 907 patm, dry weight per test increased by 60 and 50 % until the second month and remained
stable with mean values of 5.63 and 5.84 ug until the end of the experiment (Table S5 in the
supplement). In pCO,-treatments 1865 and 3247 patm, dry test weight increased by 41 and 71 %
during the first month (Fig. 6, B), followed by a further slight increase up to 7.73 ug at 1865 patm
after five months (Table S5 in the supplement). These observations were in agreement to the
decline of population densities of A. aomoriensis after the first and fifth month at 1865 patm
(Fig. 3, A).

IV.3.4 Carbonate production and accumulation

The total organic contents of living individuals was found to be 4.3 %, which was
subtracted from total dry weight in order to determine the absolute amount of CaCOj;
(cf. Movellan et al., 2012) (Table S5 in the supplement). Production is considered as weight
increase measured at subsequent sampling. Average production during the entire incubation
period is given as mean value of monthly weight increases. Living A. aomoriensis exhibited the
lowest mean CaCOj; production of 595 ug at the lowest pCO, of 430 patm, following by 886 ug at
the highest pCO, of 3247 patm after six months incubation. The three replicate treatments of
907 and 1865 patm showed similarly higher mean CaCOj; production of 1269 and 1256 pg with a
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total culture vessel area of 42.25 cm?® and an incubation time of six month. The calculated total
carbonate production rate for living individuals was 0.47 g m? a™ (Table S6 in the supplement).

The CaCO; accumulation of empty tests varied between the pCO, treatments (Table S6 in
the supplement). The highest rate of 908 ug CaCO3; was observed at 907 patm, followed by 670 ug
at 430 patm. With increasing pCO, of 1865 and 3247 putm, CaCO; rates decline to 435 and 239 ug
after six months incubation with the above specified settings. The calculated total carbonate

accumulation of empty tests was 0.27 gm?a™ (Table S6 in the supplement).
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Fig. 6. Mean dry weight per individual including cytoplasm/empty test and standard deviation of three replicates of
(A) living and (B) dead A. aomaoriensis of the 4 tested pCO;-levels during six months incubation.

IV.3.5 Observations of test structures and elemental distribution

At high pCO, of 3247 patm, light micrograph images of dead A. aomoriensis showed that

most of the tests were completely destroyed during the last two months of the experiment. The
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strongest effect of test degradation was the charistic star-like appearance, which left only the
umbilicus area and the suture of the chambers intact.

Cross-sections of test walls of A. aomoriensis (Fig. 7, A) and E. incertum (Fig. 7, B)
revealed that the tests of both species were composed of a single calcium carbonate layer, which
contained high Ca and low Mg calcite. In comparison to E. incertum, A. aomoriensis exhibited a
higher Mg-content. Furthermore, the test wall of A. aomoriensis was highly porous, whereas
E. incertum showed a smooth surface without any visible porosity.
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Fig. 7. EMP maps of Mg and Ca of test cross-sections from cultured (A) living A. aomoriensis and (B) living
E. incertum. All intensity values are expressed in counts per second (cps) as shown in the color bars.

IV.4 Discussion

This study describes the impact of elevated pCO, on a natural foraminiferal community
from the southwestern Baltic Sea which was exposed to 4 different pCO, levels for six months. It is

the first study which investigated the multi-generational response using natural sediment with living

Manuscript: first draft to be submitted to Biogeosciences.



I1l. Publications and manuscripts 157

foraminiferal fauna of natural composition. The foraminiferal community developed and reproduced
normally in all treatments, as the specific sediment chemistry caused, compared to the bulk
seawater, a relative high saturation state with respect to omega calcite, and thereby prevented the

tests of living individuals from dissolution.

IV.4.1 Sediment chemistry

The sediment used in this experiment was sampled from Kiel Fjord, western Baltic Sea,
which is rich in organic matter (Nikulina et al., 2008). During the experiment, a layer of organic
detritus formed at the sediment-water interface. Organic substances influence the microbial activity,
the rates and pathways of organic matter remineralization and nutrient recycling (Jonsson et al.,
1990, Conley and Johnstone, 1995), and thereby influenced the underlying sediment chemistry
(Graf et al., 1984). The remineralization of organic matter is mainly attributed to a wide array of
hydrolytic and fermentative bacteria (Turley et al., 2000), which break complex multi-carbon
compounds down to smaller, more soluble and digestible substances. Bacterial activity is often
attributed as a limiting step in degradation of organic matter and extent of degradation
(Tyson, 1995; Arnosti, 2004).

It is conceivable that silicate and phosphate concentrations were highly variable in the
stagnated water body of the culture vessels throughout the experiment due to the high
microbiological activity. Concentrations of both nutrients increased during the first two months and
afterwards decreased until the end of the experiment.

One aspect could be the disturbance of the sediment after homogenization at the
beginning of the experiment. This process could cause a remobilization of the bounded nutrients in
the pore water, which diffused gradually through the filter of the nepheloid layer. Therefore, nutrient
concentration increased in the overlying seawater.

However, silicate concentrations remain relatively high. Microscopic analysis showed that
the detritus-layer was composed of centric diatoms, which also dominated in the natural
environment. The algal material of Nannochloropsis oculata, Phaeodactylum tricornutum and
Chlorella was added as food did not accumulate on the sediment surface. This in turn could imply
that the added algae material was directly dissolved, which could explain the high silicate
concentrations. Otherwise, increasing silicate concentrations may result from remineralization of
diatoms (Conley and Johnstone, 1995). Sediment samples were taken in April, when high nutrient
and productivity is usually encountered (Wulff et al., 1986, Elmgren, 1989, Wulff et al., 1990,
Wollast, 1998, Thomas et al., 2003, Patsch and Kiihn, 2008). The spring bloom, ranging from the
end of February to early April in the southwestern Baltic Sea, is dominated by diatoms, therefore
maximal diatom biomass and biogenic silica flux to the sea floor (Wasmund et al., 2005, 2006).
After deposition at the sediment surface, remineralization of the dead diatoms may have caused a
substantial increase of silicate in the culture vessels during the experiment
(Conley and Johnstone, 1995).

The high degradation of organic matter such as diatoms may have also caused an

increase of phosphate concentrations (Balzer, 1986). In oxic sediments dissolved inorganic
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phosphate (DIP), is usually bound to calcium, chemisorbed by ironoxyhydroxides in distinct iron
compounds and causes high phosphate accumulations in the sediment (Nissenbaum, 1979,
Filipek and Owen, 1980, Krom and Berner, 1981). However, high O, consumption by degradation
of organic matter may have reduced the oxygen concentrations in the sediment which result in
mobilization of DIP from sediments (Krom and Berner, 1981). The decrease of both nutrients until
the end of the experiment may be reasoned by microbiological activity of bacteria, which is
insufficient studied to date.

Degradation processes of organic matter at the sediment-water interface consumed O, and
produced CO,, and thus resulted in higher sediment pore water pCO, in comparison to the
seawater. Similarly, the sediment was characterized by much higher alkalinity values than the
seawater (3127 vs. 2379 umol kg'1). Both, aerobic or anaerobic degradation of organic matter
release dissolved inorganic carbon (DIC). Whereas aerobic degradation has no significant effect,
anaerobic degradation increases alkalinity (Ar) by denitrification and sulfate reduction
(Yao and Millero, 1995, Thomas et al., 2009). Therefore, we assume that O, consumption at the
sediment-water interface exceeded the delivery of O, via diffusion, which could induce anaerobic
conditions in the sediment pore water. A dark grey sediment layer on the bottom of the culture
vessels supported our assumption. This in turn enhances the CO, buffer capacity and
consequently causes a relatively high Q. (Thomas et al., 2009). These differences of the
carbonate chemistry between water column and sediment was in agreement with observations
from field studies (Thomas et al, 2009, Haynert et al., 2012).

IV.4.2 Foraminiferal communities

The species composition of living and dead assemblages which were used in the
experiment were similar to the assemblages prevailing in Kiel and Flensburg Fjords (Nikulina et al.,
2008, Polovodova et al., 2008, 2009, Haynert et al., 2012).

At the beginning of the experiment, the population density of the living fauna
(433 ind. 10 cm'3) was very similar to the mean population density of 448 ind. 10 cm?, found in the
nearby sampling station PF15-13 in December 2005 (Nikulina et al., 2008,
Polovodova et al., 2008). The living assemblages at both stations were dominated by
A. aomoriensis (A. beccarii of Nikulina et al., 2008). But in December 2005, E. excavatum clavatum
was common and E. excavatum excavatum and E. incertum were rare, whereas in April 2011, the
living fauna consisted almost exclusively of A. aomoriensis. These differences were probably
caused by the interannual variation in the community structure (Lutze, 1974, Wefer, 1976,
Polovodova et al., 2009, Haynert at al., 2012).

The dominance of living A. aomoriensis is probably explained by the diatom dominated
spring bloom, which enables high food supply and thereby facilitates reproduction. Similar
relationship between diatom spring blooms and reproduction events was reported for E. excavatum
clavatum at deeper waters off Boknis Eck, southwestern Baltic Sea (Schdnfeld and Numberger,
2007).
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In addition, the arenaceous species Armorella sphaerica occurred by incident in the set up.
The species was recorded in Kiel Bay by Rhumbler (1935) and later by Brodniewicz (1965) in the
southern Baltic Sea. Its sporadic occurrence and sudden appearance in our experiment could be
possibly explained by the activation of dormant propagules (Alve and Goldstein, 2002).
Alternatively, the species is common but rare in Kiel Fjord and has been eventually overlooked in
previous studies. In our experiment, however, suitable conditions, such as food supply and

oxygenation could have induced the activation of resting stages.
IV.4.3 Response of Ammonia aomoriensis life cycle

In the first month of the experiment, population densities of living A. aomoriensis declined
strongly at a pCO, of 1865 and 3247 patm. This decline might indicate conditions of Q<1 in the
sediment. The sediment was put in the vessels 20 days prior to CO, manipulation. Nevertheless,
the remineralization processes in the sediment were still ongoing as indicated by the strong
increases of seawater phosphate and silicate concentration during the first two months. Therefore,
high pore water alkalinity and thereby supersaturation of calcium carbonate might have not been
established in the early phase of the experiment. Undersaturation has been already shown to
decrease growth of A. aomoriensis and thereby increased mortality and test dissolution
(Haynert et al., 2011). Similarly, a decrease of Ammonia species growth was observed with
decreasing [CO32'], respectively Q.,.<1 (Keul et al., 2013).

During the course of the experiment however, the progressing remineralization processes
in the sediment may have increased saturation state above 1. Accordingly, A. aomoriensis was
relatively unaffected by high pCO, later on and continued to grow and reproduce, even under
highly elevated pCO, conditions (Haynert et al., 2012).

In comparison, previous ocean acidification studies cultured living benthic foraminifera
without their natural sediment (Le Cadre et al., 2003, Kuroyanagi et al., 2009, Dissard et al., 2010,
Allison et al., 2010, Haynert et al., 2011, Mclintyre-Wressnig et al., 2013, Fujita et al., 2011,
Vogel and Uthicke, 2012, Keul et al., 2013). Under these laboratory conditions, foraminifera were
directly exposed to the seawater which might result in low and even undersaturation of omega
calcite at high seawater pCO, (Haynert et al., 2011).

The current study underscores, that endobenthic foraminifera from marginal low saline
habitats responded completely different under elevated pCO, in culturing experiments, depending
whether they were kept with or without their natural sediment. Furthermore, high or low organic
matter content of the substrate, grain size composition (Conley and Schelske, 1989), bacterial
remineralization (Turley et al., 2000), and oxic or anoxic conditions (Jonsson et al., 1990) play a
certain role in sediment and pore water chemistry, and thereby may influence the living conditions
of benthic communities. In fine-grained sediments with a high content of organic substances these
processes play an important role for the foraminiferal microhabitat. It is reasonable to assume, that
the effects on carbonate chemistry are less pronounced in coarse sediments. These results
emphasize the importance to understand the sediment carbonate chemistry in the context of their

natural settings.
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During the six months incubation, the populations of all treatments revealed strong
variations of their density and size-frequency distribution due to growth, mortality and reproduction
events. The shift of mean size distribution between the monthly sampling intervals enabled the
calculation of growth rates which varied between 25 and 38 um per month and agreed with earlier
growth rates estimates reporting 13 to 39 um (Haynert et al., 2011). This growth corresponds to the
addition of one or two chambers per month, as one added chamber equates 27+16 um in test
diameter (Haynert et al., 2011). An earlier study described, growth rate as being uniform in all size
classes. Small individuals grew more rapidly, whereas adult individuals slow down the growth
before reproduction (Bradshaw, 1957). Furthermore, changing habitat conditions, in particular food
supply, play an important role at chamber formation (Bradshaw, 1961). It appears plausible that
larger and a greater number of chambers will be formed under favorable conditions.

Size distributions of tests revealed that most of the individuals reproduced or died at a
mean size of 285 um at a pCO; ranging from 430 to 1865 patm. At the highest pCO, of 3247 patm,
mean test diameter was slightly lower with 258 um. Apart from growth, reproduction events had a
pronounced effect on the mean size of the population. Cohorts of small, juvenile individuals
(<100 um) could be identified. Whereas reproduction events, could not be detected at 430 patm,
strong cohorts with high numbers of individuals were observed at 1865 and 3247 patm, with a
strongest variability at 1865 patm.

Ammonia aomoriensis reproduced at sizes between 250 ym and 350 ym. At 350 um, 40 %
of the cohorts either have reproduced or died. These results agreed with a previous study of
Bradshaw (1957) where the mean test diameter of Streblus beccarii var. tepida ranged between
266 and 357 ym at reproduction. In dependency of environmental conditions, reproduction follows
approximately 28-day intervals with about 28 young juveniles per parent under optimal conditions
(Bradshaw, 1957). In the current study we observed reproduction events, but the different cohorts
made it impossible to exactly determine the intervals of reproduction, respectively the number of
juveniles per parent.

In dependency of asexual and sexual reproduction, the generations consisted of different
forms as influenced by test dimorphism (Murray, 2012). The megalospheric form is the result of
asexual reproduction, whereas the microspheric form is the product of sexual reproduction
(Lister, 1903). However, the reproduction of A. aomoriensis is insufficiently studied to date, further
field and laboratory experiments would be necessary to better understand the life cycle of
A. aomoriensis, and the species specific variability of Ammonia in general. However, since
reproduction was observed in all pCO, treatments, the conditions prevailing in the sediment were
sufficient to allow successful reproduction even at 3247 patm pCO,. This supports findings, that
natural foraminiferal communities in the southwestern Baltic Sea can withstand permanent high
pCO, levels of above 2000 patm when they are fully sheltered in fine-grained sediment
(Haynert et al., 2012).
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IV.4.4 Carbonate production of Ammonia aomoriensis

The carbonate production of benthic foraminifera was described in previous studies
(e.g. Phleger and Soutar, 1973, Muller, 1974, Wefer and Lutze, 1978, Hallock, 1981,
Bosence, 1989, Langer et al., 1997) which determined the foraminiferal carbonate content of
sediment samples from different habitats. In contrast, in our study the main focus was on living
benthic foraminifera containing cytoplasm. Little is known about the fractions of cytoplasm and
tests weight in benthic foraminifera. The estimated total organic content in living A. aomoriensis is
4.3 % of total dry weight which is in agreement with the estimated protein content of 20 % and 5 %
organic dry content in Ammonia tepida (Movellan et al. 2012). The study of Wefer and Lutze (1976)
observed a ratio of 1:1 of protoplasm and test weight in benthic foraminifera which referred to wet
weight (see Table 1 in Wefer and Lutze, 1976) The cytoplasm water content plays an important
role in this determination as TEM micrograph images documented a high amount of seawater
vacuoles in the foraminifera chambers (see Fig. A3.3.2 in Glock, 2011). Therefore and in
agreement with Movellan (personal communication), we assume a water content of approximately
76 % in foraminiferal cytoplasm. However, the percentage of water and cytoplasm content varies in
relation to test size and weight, and due to the natural variability of the microenvironment and the
species-specific morphometry (Movellan et al., 2012).

The carbonate production of living A. aomoriensis amounts 0.47 g m? a”', whereas the
carbonate accumulation of dead tests equates 0.27 g m? a’ during the incubation time. The
estimate of CaCO; production is much higher than those reported for natural foraminiferal
assemblages in the western Baltic Sea. Production rates of calcareous benthic foraminifera rates
ranged from 0.01 to 0.03 g m? a™ in the shallow water habitat from 5-15 m depth of Kiel Bay
(Wefer and Lutze, 1978). However, this low carbonate production was probably caused by a strong
seasonality of food supply and mechanical stress on shoals with lag sediments, where these
samples were taken. Muddy sediments such as in Kiel Fjord, with high organic matter content as
potential source of food showed a markedly higher foraminiferal carbonate production of up to
3.12¢ m?a’ (Wefer and Lutze, 1978, Nikulina et al., 2008). Therefore, both favorable food supply
and sustaining high population densities during the incubation facilitated the observed high CaCO;
productivity of A. aomoriensis.

Not less than 36 % of the produced tests are accumulated in the sediment, which is
obviously higher as reported by Wefer and Lutze (1978), the accumulation rate ranged between
0Oand 4 % in the natural habitat. In the transitional environments from fine sand to mud, the
accumulation rate varied from 1 to 1.2 % (see Table 2 in Wefer and Lutze, 1978). Under natural
conditions, mechanical forces play an important role and affected the tests, as well as dissolution
and ingestions by macro- and meiofauna (Wefer and Lutze, 1978). In the present study,
A. aomoriensis was cultivated in a protective habitat without any mechanical impacts of the empty

tests, therefore a higher accumulation rate was recorded.
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IV.4.5 Impact on foraminifera tests

Living A. aomoriensis and E. incertum exhibited no dissolution features during the whole
incubation time. The conditions in the natural sediment create a protective microhabitat for benthic
foraminifera with a relatively high calcium carbonate saturation state. These observations are in
contrast to previous laboratory studies, where A. aomoriensis and A. beccarii exhibited a
relationship between pCO,, respectively pH, and test degradation (Le Cadre, 2003, Haynert et al.,
2011). In comparison to the present study, living foraminifera were isolated from their natural
sediment, therefore the tests of living specimens were directly affected by the carbonate chemistry
conditions of the seawater.

However, some empty tests of A. aomoriensis were destroyed at a pCO, of 3247 patm
during the last two months of incubation. This could be reasonable by high pCO, and unfavorable
saturation state of Q.<1, thereby reducing the average diameter. In contrast, empty tests of
E. incertum showed no signs of dissolution. This species specific response agreed well with our
field observation from Flensburg Fjord (Haynert et al., 2012). In order to explain these differences,
cross sections of both species were analyzed using EMP. The element maps suggested that tests
of both foraminiferal species are composed of a single layer of secondary calcite, which is
characterized by a relative low Mg-content (Erez, 2003). Nevertheless and in comparison to
E. incertum, the test of A. aomoriensis displayed a higher Mg-content and was highly porous. The
crystals, rich in Mg are oriented in a structure of small radial needles (Hansen and Reiss, 1972,
Bellemo, 1974), which are sensitive and dissolved first at undersaturated conditions. In
combination with a greater test surface, A. aomoriensis was therefore less resistant to dissolution
than E. incertum. EMP observations are thus considered to provide valuable constraints for the

sensitivity of a species towards dissolution stress.

IV.5 Conclusions

In the present ocean acidification study, benthic foraminifera were cultured in their natural
sediment over a period of several generations. Under those laboratory conditions, the alkalinity (Ar)
and therefore the CO, buffer capacity in the sediment differed strongly from the conditions in the
water column. Thereby the sediment chemistry created a microhabitat, which supported the growth
and development of a benthic foraminiferal community even at highly elevated pCO,. Fine-grained
sediments with high organic matter content facilitated a high carbonate production of
A. aomoriensis. Growth, reproduction and mortality of A. aomoriensis were unaffected by elevated
pCO,. Consequently, under the current microhabitat conditions, the dominant
Ammonia aomoriensis could maintain an important role in benthic carbonate production and
accumulation in the southwestern Baltic Sea. However, at high pCO, and slight undersaturation of
Qcac, empty tests of A. aomoriensis were subjected to dissolution, whereas empty E. incertum tests
were kept intact. The species specific response could be explained by differences in test

composition and microstructure. These results emphasize the importance to understand the
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sediment carbonate chemistry in the natural environment of benthic foraminifera, which depend on
sediment type, grain size, organic matter, remineralization and chemical conditions in the pore
water. In Kiel Fjord, organic-rich and fine-grained sediments prevail which influence the pore water
carbonate chemistry, and thereby provide a stable habitat for benthic foraminifera. Due to these
characteristics, foraminiferal communities withstand present day, seasonally high pCO, levels and

might be also be able to tolerate moderate future pCO, increases.
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Supplements

Table S1. Carbonate chemistry parameters were measured and calculated from samples of seawater (SW) and

sediment pore water (PW) for 4 pCO,-levels after six months incubation. Total carbon (C;), partial pressure of CO,

(pCO2) and saturation state of calcite (Qc.c) were calculated from measured temperature, salinity, phosphate

(PO,Y), silicate (Si), total alkalinity (A7) and pHygs.
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Table S2. Mean population density/abundance and standard deviation (SD) of the 3 replicates for living and dead
A. aomoriensis of the 4 testes pCO;-levels during six months experimental time.

Living A. aomoriensis (ind. 10 cm™)

Incubation time pCO,-treatment
(months) 430 patm 907 patm 1865 patm 3247 patm

Mean SD Mean SD Mean SD Mean SD
0 341.7 95.65 396.2 150.18 413.3 199.51 582.7 177.74
1 400.6 75.68 430.6 175.69 70.8 4.28 189.3 66.07
2 357.9 80.78 3125 306.71 323.3 228.99 246.8 88.60
3 292.6 146.91 610.3 87.04 13784 2278 517.9 348.52
4 231.0 65.79 335.3 111.58 659.2 242,68 448.8 23.16
5 196.6 161.10 250.9 47.68 338.4 396.68 601.6 308.96
6 241.3 28.82 232.7 31.61 483.2 102.28 264.6 30.22
Dead A. aomoriensis (tests 10 cm's)
Incubation time pCO,-treatment
(months) 430 patm 907 patm 1865 patm 3247 patm

Mean SD Mean SD Mean SD Mean SD
0 243 14.05 39.9 4243 27.0 4.96 60.7 38.45
1 50.0 4.60 51.9 10.86 41.0 1292 546 21.65
2 71.7 87.81 68.8 4252 36.6 12.72 57.6 12.99
3 128.5 3.25 128.2 48.24 37.8 19.06 54.1 4.85
4 161.3 68.71 187.7 35.80 30.7 5.35 66.4 17.43
5 102.6 19.76 203.8 12.07 121.2 2757 359 9.87
6 76.9 9.30 139.1 14.41 1529 2557 32.2 9.30
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Table S3. Mean percentage of size class proportions from <50 to >500 ym in 50 pm intervals of |
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Table S4. Test diameter (mean and standard deviation (SD) of the 3 replicates) of living and dead A. aomoriensis
during six month.

Living A.aomoriensis

Incubation pCO.-treatment

time 430 patm 907 patm 1865 patm 3247 patm

(months) Mean (um) SD Mean (um) SD Mean (um) SD Mean (um) SD

0 169 11.47 174 4.09 178 5.98 182 3.52
1 241 15.78 240 1.45 282 10.09 248 17.17
2 261 4.69 290 11.63 225 2091 243 25.84
3 249 3.89 236 11.29 185 2290 214 39.72
4 225 13.55 240 2.82 230 12.06 251 31.63
5 249 19.99 261 18.72 294 19.69 235 45.99
6 252 4.23 261 0.66 287 1242 267 10.70

Dead A.aomoriensis

Incubation pCO,-treatment

time 430 patm 907 patm 1865 patm 3247 patm

(months) Mean (um) SD Mean (um) SD Mean (um) SD Mean (um) SD

0 232 2393 193 10.55 224 2319 160 21.25
1 317 5.92 286 16.03 307 3.52 322 6.04
2 311 2458 303 12.75 273 8.92 272 7.71
3 295 16.94 320 10.10 267 26.02 236 47.59
4 283 16.47 303 16.60 280 17.32 289 15.70
5 288 2.83 279 7.96 305 2522 282 45.56
6 303 10.06 302 1218 321 3154 243 8.57

Manuscript: first draft to be submitted to Biogeosciences.
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Table S5. Dry weight per individual/test of living and dead A. aomoriensis calculated from total dry weight and

number of individuals for each replicate during six months investigation period. For living individuals, 4.29 %

organic percentage subtracted from total dry weight.
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Table S6. Proportion of total organic content, mean CaCO; production and accumulation of monthly differences in
weight (mean and standard deviation (SD) of the 3 replicates) of living and dead A. aomoriensis during six months
incubation time. Calculation of total carbonate production and accumulation rates refers to gram per area of 1 m?
and year.

Total organic content

Number of Initial dry weight Dry weight after combustion Weight loss Proportion of organic content
specimens (mg) (mg) (mg) (%)
100 0.723 0.692 0.031 4.29

Living fauna

Incubation time pCO,-treatment

(months) 430 patm 907 patm 1865 patm 3247 patm Number of
Mean (ug) SD Mean (ug) SD Mean (ug) SD Mean (ug) SD replicates

0 Initial dry weight of 995 * 361 ug was subtracted from the total weight—4.29 % (Table S5). 12

1 1685 498 1168 820  -344 79 109 167 3

2 1548 684 1790 1798 396 142 96 258 3

3 -20 889 1902 806 822 1573 839 1064 3

4 191 435 116 987 2199 566 1573 847 3

5 -221 698 496 83 1802 3086 1859 196 3

6 388 66 2144 267 2662 2896 839 171 3

Mean of monthly

difference in weight 595 818 1269 821 1256 1153 886 728

Total carbonate production

(ug) peryear(ug)  (mgm’a’) (gm°a’)

Total mean 1001 2003 474.08 0.47

SD 324

Dead fauna

Incubation time pCO,-treatment

(months) 430 patm 907 patm 1865 patm 3247 patm Number of
Mean (ug) SD Mean (ug) SD Mean (ug) SD Mean (ug) SD replicates

0 Initial dry weight 182 + 42 ug was subtracted from the total weight—4.29 % (Table S5). 12

1 352 22 272 57 351 253 522 30 3

2 699 598 568 252 122 96 294 125 3

3 527 635 1049 376 7 192 230 65 3

4 1015 426 862 906 70 105 322 135 3

5 707 260 1449 73 1239 563 75 16 3

6 722 279 1247 22 819 611 -10 58 3

Mean of monthly

difference in weight 670 222 908 436 435 493 239 189

Total carbonate accumulation

(Hg) peryear(ug) (mgm°a’) (gm°a’)

Total mean 563 1126 266.57 0.27
SD 290

Manuscript: first draft to be submitted to Biogeosciences.
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V. Conclusions and outlook

V.1 Conclusions

| investigated the response of benthic foraminiferal assemblages from the shallow water
habitat of the southwestern Baltic Sea to ocean acidification. The foraminiferal community in this
area is dominated by calcareous species, which are opportunistic and tolerant to a large number of
environmental conditions such as food supply, heavy metal concentrations, and salinity variations.
However, previous experimental studies revealed that foraminifera are not well-adapted to
changing temperatures and pCO,/pH fluctuations and may therefore be sensitive to climate
change. In particular, calcification and survival of benthic shallow-water foraminifera is expected to
be affected by ocean acidification.

Within the framework of this thesis, mid-term and long-term laboratory experiments,
spanning multiple generations and a monitoring field study were performed. The experiments
simulated the effects of ocean acidification and the combined effects of multiple stressors on
benthic foraminifera.

In the southwestern Baltic Sea, organic-rich mud prevails. Organic substances fuel the
microbial activity and thereby influenced the underlying sediment chemistry. Degradation
processes of organic matter at the sediment-water interface consume O, and produce CO,, and
thus result in high sediment pore water pCO, which fluctuated during the seasonal cycle from 1244
to 3324 patm. Under low oxygen conditions, anaerobic bacterial decay of organic matter leads to
production of metabolic bicarbonate (HCOj') by nitrate and sulfate reduction. Thereby, the alkalinity
(A7) increases in the sediment pore water enhance the CO, buffer capacity. As a consequence,
alkalinity values between 2000 to 3500 umol kg_1 prevailed in the sediment pore water, which was
supersaturated with respect to calcite for most time of the year, even when the overlying near-
bottom water was undersaturated.

Accordingly, endobenthic foraminifera were able to cope with elevated pCO;, levels, as long
as sediment pore waters remain supersaturated. Laboratory and field observations revealed a clear
relationship between calcification of Ammonia aomoriensis and Q.. At saturation state Q. c>1,
Ammonia aomoriensis was able to maintain their calcification and built new chambers, whereas a
slow-down of calcification and the beginning of test dissolution was detected under a saturation
state of Q<1 (Fig. IV.1.1). Complete decalcification began at Q.,.<0.5, when chambers were
destroyed and the inner organic lining became visible. Consequently, my results highlighted that
not pCO,, but rather Q. or COsz' is the parameter which affects the calcification of
Ammonia aomoriensis (Fig. IV.1.1).

In contrast, the co-occurring calcareous species Ephidium incertum shows no relationship
to Qqqc. This species specific response might be explained by differences in test composition and
microstructure. Furthermore, in relation to the composition of the foraminiferal assemblages, no
effect was observed during the seasonal cycle of carbonate chemistry variability in Flensburg Fjord.
This infers that either no extensive mortality occurred or dissolution of living specimens is

prevented by the relative high carbonate saturation. Nevertheless, some empty tests of



IV. CONCLUSIONS AND OUTLOOK 177

Ammonia aomoriensis exhibited dissolution features which could be due to seasonal
undersaturation in pore water of the sediments.

Finally, under the current microhabitat conditions, the dominant Ammonia aomoriensis
could maintain an important role in benthic carbonate production and accumulation in the
southwestern Baltic Sea. However, in future, pore water might be undersaturated for longer periods
of the year which might result in higher mortalities and test dissolution of this currently dominating
species, which will ultimately lead to changes in benthic foraminiferal communities. Such
endobenthic faunal change may also affect other regions experiencing naturally undersaturated

Q.aic levels, as well as preferentially will endanger epibenthic and planktonic species.

[CO47]
0 50 100 150
120 - -
100 A
1\
80 -

Change of test diameter (um)
o

000 100 200 300 4.0
Qcac

Fig. IV.1.1: Change of diameter of Ammonia aomoriensis in relation to [CO;*] and Q..,c averages from both culturing
experiments during six month incubation time.

The results of the study underscores that the response of the calcareous species
Ammonia aomoriensis to elevated pCO, varied completely depended whether specimens were
kept without or within their natural organic-rich mud (Fig. 1V.1.2). When specimens were exposed
to high pCO; levels without their protective sediment, Ammonia aomoriensis is directly affected by
the ambient carbonate chemistry of the seawater. Strong undersaturation of the seawater with
respect to Q. led to high mortalities and test dissolution. In contrast, chemical processes in the
sediment created a microhabitat, which supported growth and reproduction even at highly elevated
pCO, without a drastic increase in mortality. These results emphasize the importance to
understand the sediment carbonate chemistry in the near-coastal microhabitat of benthic
foraminifera, which depend on sediment type, grain size, organic matter, remineralization, chemical

and abiotic conditions in the sediment pore water (Fig. IV.1.2). Further, in order to predict the
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response of benthic foraminifera to ocean acidification it is crucial to perform experiments under
natural conditions as they provide a stable microhabitat even at high pCO..

Ocean acidification is only one aspect of global change and will be accompanied by
warming, and desalination in the Baltic Sea. Consequently, the combination of these parameters
may stress the tolerance of Ammonia aomoriensis to environmental variability in the southwestern
Baltic Sea. My experimental results revealed that the tested salinity levels had no effect on the
diameter change of Ammonia aomorienis, whereas increasing temperatures had a positive effect

and favours their growth. It may be possible that the negative impact of ocean acidification could

partially be mitigated by warming.

Laboratory experiments Natural environment

Cultivation without

Cultivation within

Present field conditions

sediment sediment
Sediment type: organic-rich mud organic-rich mud
Carbonate chemistry: constant: constant: variable and elevated:
high pCOs/low pH high pCO./low pH pCO,
low alkalinity (Ar) high alkalinity (Ar) alkalinity (Ar)
undersaturation of Q... supersaturation of Q.. saturation state of Qca.c
Abiotic parameter: constant: constant: variable:
temperature temperature temperature
salinity salinity salinity
Response of
calcifying SENSITIVE TOLERANT TOLERANT

foraminifera:

Fig. IV.1.2: Response scheme: environmental parameters under laboratory and present field conditions which
influence the ocean acidification sensitivity of calcifying foraminifera.

IV.2  Outlook

The present thesis investigated the foraminiferal calcification response to changing
chemical environments as a result of ocean acidification. However, the experimental results could
not reveal in which ontogenetic stage of Ammonia aomoriensis the calcification process is mainly
affected by unfavorable Qca|c/C032' conditions. Therefore, additional studies with different life
stages of Ammonia aomoriensis may provide a possibility to investigate the different sensitivities
between juveniles and adult stages under Qg,c<1.

Little is known about the general mechanisms of the species-specific calcification in benthic
foraminifera. Therefore, more interdisciplinary work is needed in order to better understand
biomineralization response scheme in relation to test composition and microstructure in order to
predict, how foraminiferal communities might change in the future. In this context, recalcification
structures were observed on Ammonia aomoriensis tests when exposed to undersaturated
conditions, which might indicate a responsive adaptation to unfavourable conditions. Subsequent
studies need to clarify, for how long the specimens are able to withstand test dissolution which

might be related to higher energetic effort.
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The results revealed the relationship of the sediment facies to the carbonate chemistry
conditions in the microhabitat of benthic foraminifera. According to these results, a long-term field
study should be performed which vary with respect to sedimentary composition, such as muddy,
sandy and coralline sediments. The results could emphasize the high dependency of the
foraminiferal assemblage composition in relation to saturation state in their natural environment.

Ammonia aomoriensis is an opportunistic species and often found in strongly eutrophicated
environments with high nutrient concentrations and algae biomasses. Previous studies exhibited
that food supply plays an important role on growth, chamber formation and reproduction of benthic
foraminifera. Therefore, the importance of the physiological responses and consequently, the
substantial effects of changing energy availability in combination with a manipulation of the

carbonate chemistry on the life cycle of foraminifera need to be constrained.
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