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Abstract. It is expected that the calcification of foraminifera pore water remains supersaturated. Model calculations in-
will be negatively affected by the ongoing acidification of the ferred that increasing atmospheric £€oncentrations will
oceans. Compared to the open oceans, these organisms dieally lead to a perennial undersaturation in sediment pore
subjected to much more adverse carbonate system conditiongaters. Whereas benthic foraminifera indeed may cope with
in coastal and estuarine environments such as the southwest-high sediment pore watgrCO,, the steady undersatura-
ern Baltic Sea, where benthic foraminifera are abundant. Thigion of sediment pore waters would likely cause a signifi-
study documents the seasonal changes of carbonate chermant higher mortality of the dominatilgmmonia aomorien-
istry and the ensuing response of the foraminiferal commusis This shift may eventually lead to changes in the ben-
nity with bi-monthly resolution in Flensburg Fjord. In com- thic foraminiferal communities in Flensburg Fjord, as well as
parison to the surfaceCO,, which is close to equilibrium in other regions experiencing naturally undersaturaegl.

with the atmosphere, we observed large seasonal fluctuatiorsvels.

of pCQOy in the bottom and sediment pore waters. The sedi-
ment pore watepCO, was constantly high during the entire
year ranging from 1244 to 3324 patm. Nevertheless, in con-

trast to the bottom water, sediment pore water was slightlyl ~Introduction

supersaturated with respect to calcite as a consequence of . ) )
higher alkalinity (47) for most of the year. Foraminiferal as- 1he combustion of fossil fuels and deforestation has already

semblages were dominated by two calcareous spesies, released about 300 Gt carbon (Archer, 2005). The release of
monia aomoriensiand Elphidium incertumand the agglu-  carbon leads to rising atmospheric carbon dioxide concen-
tinated Ammotium cassisThe one-year cycle was charac- trations, which causes an acidification of the oceans (Zeebe
terised by seasonal community shifts. Our results reveale@nd Wolf-Gladrow, 2001). By 2100, the concentration of
that there is no dynamic response of foraminiferal popula-the oceanpCO; is expected to be approximately 750 patm
tion density and diversity to elevated sediment pore wateFeely et al., 2004; Raven et al., 2005) and seawater pH
pCO,. Surprisingly, the fluctuations of sediment pore water IS going to decrease by 0.4 units (Caldeira and Wickett,
undersaturationtcaic) co-vary with the population densities 2005). The reduced saturation state and carbonate ion con-
of living Ammonia aomoriensisurther, we observed that centration will cause a reduction in biogenic calcification
most of the tests of living calcifying foraminifera were intact. ©f Predominant organisms like corals, coccolithophorids and
Only Ammonia aomorienishowed dissolution and recalci- foraminifera (Gattuso et al., 1998; Kleypas et al., 1999; Bi-
fication structures on the tests, especially at undersaturatefha et al., 1999; Riebesell et al., 2000). Consequently, cor-
conditions. Therefore, the benthic community is subjected to'0Sive conditions are expected to affect the formation of car-

high pCO, and tolerates elevated levels as long as sedimen?onﬁtzggg;etons of calcifying organisms (Erez, 2003; Raven
etal., .
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Already today, calcifying organisms such as foraminifera pCQO, levels from 929 to 3130 patm in a laboratory experi-
are subjected to much more adverse carbonate system coment (Haynert et al., 2011).
ditions in coastal marine environments as compared to the Natural CQ-rich habitats can serve as valuable exam-
open ocean (Borges and Gypens, 2010). Especially envirorples for possible effects on calcifying benthic community
ments such as the western Baltic Sea, which are subjectestructures due to climate change (Hall-Spencer et al., 2008;
to a low salinity and alkalinity, are characterised by low car- Thomsen et al., 2010). Our study site in Flensburg Fjord,
bonate ion concentrations (@O) and consequently lower SW Baltic Sea represents an adequate study area for dy-
calcium carbonate saturation stat€x{c) (Thomsen et al., namic response of the foraminiferal fauna to elevat€d,.
2010). Furthermore, in this area seasonal stratification of waThe consequences of naturally &énriched environments
ter masses, respiration in deeper layers and eutrophication iren benthic foraminifera are not sufficiently studied to date.
duce summer hypoxia in the bottom water layers. This causes The aim of this study was to investigate the response of the
high and variablepCO, and consequently low pH during the foraminiferal population dynamics, as well as the variations
course of the year (Diaz and Rosenberg, 2008; Conley et alof species composition and diversity to a hig8O, and low
2009; Nikulina and Dullo, 2009; Thomsen et al., 2010). In Qcgc conditions over a one-year cycle. The main focus was
such habitats, ongoing oceanic g@ptake will cause a dras- on two calcifying specie®dmmonia aomoriensendElphid-
tic increase of the prevailingCO, levels with peaks up to ium incertum An effect of low sediment pore water carbon-
4000 patm by the year 2100 (Melzner et al., 2012). ate saturation on population density and test dissolution of
Many laboratory studies have shown that calcareoughis species was assessed.
foraminifera exhibited lower calcification rates under sim-
ulated future scenarios of high seawat€tO, (Le Cadre et ) .
al., 2003; Kuroyanagi et al., 2009; Allison et al., 2010; Hayn- 2 Study site and sampling
ertetal., 2011; Fujita et al., 2011). To date, a low number of
field studies reported that calcifying organisms are negativel
affected by a highpCO, in natural habitats (Fabricius et al.,
2011). In proximity to hydrothermal vents, where volcanic
CO;, causes a natural decline of pH, a significant decrease i
abundance and species richness of calcareous foraminife

lensburg Fjord, located in the southwest of the Baltic
Sea (5341-55°00' N, 9°24-10°10 E), is a narrow and 50
km long inlet. The Fjord is subdivided into a 10-20m
r(Eleep inner fjord which extends from the city Flensburg
)i Holnis Peninsula. The area from Holnis Peninsula to

was observed between ambient pH levels of 8.09 to 8.15 an eukirchen/Kragesaqd is a 18_.20 m deep midde fjord. The
low pH-levels of 7.08 and 7.79 close to the vents (Cigliano; 0-32m deep outer fiord comprises Soend.erborg Bay, Gelt-
etal., 2010) ing Bay and open waters to the east of Gelting Peninsula.
' : ; - : Sediment and water samples were taken from seven sta-
Calcareous benthic foraminifera are common in the S . . :
tions (FF1 to FF7) on six bi-monthly cruises with RIto-

SW Baltic Sea, although seawater carbonate concentra-

tions are permanently low and even seasonally undersatJ—'nafrom June 2009 to April 2010 (Fig. 1). All seven stations

rated (Lutze, 1974; Wefer, 1976; Grobe arittBrer, 1981; (FF1 to FF7) were monitored for water carbonate chemistry.

Polovodova et al., 2009; Thomsen et al., 2010; Haynert e§ediment cores for foraminifera}l studies'were takenfrom sta-
al., 2011). Salinity, temperature, oxygen, and food availabil-tlons FF1, FF4 and FF5. Station FF1 is located Ina shal-
ity were considered as important factors, which regulate théOW nee_lr-coastal area, where sandy bottoms prevail (Table 1).
foraminiferal diversity and abundance (e.g. Rottgardt, 1952,At stations FF4 _and FFS mud.dy sand§ were encour!tered
Bradshaw, 1957 Lutze, 1965: Wefer, 1976: Alve and Mur- (Tabel 1). The C.|Iff and sub.marme erosion are predominant
ray, 1999; Frenzel et al., 2005). These studies, howeversources for sedl_ments, which are transported fr'om the east
did not take into account the impact of seawater carbonattg)y long shore drift toward the outer Flensburg Fjord (Exon,
chemistry. 1971).

Living benthic foraminiferal assemblages in Flensburg
Fjord were first desgribgd by Ex.on (1972). Some specimers  \aterial and methods
of Ammonia aomoriensifrom this area were reported as
having thin or opaque shell walls and extremely corroded3.1 Foraminiferal processing
tests (Polovodova et al., 2009). In some cases, the tests were
completely destroyed and only the inner organic lining wasThe foraminiferal communities were studied from sur-
left. Abrasion and predation were considered as possibldace sediments from stations FF1, FF4 and FF5. Benthic
mechanisms for test destruction, but test dissolution due tdoraminiferal samples were taken with a Mini Muc K/IMT
fluctuated pH has been suggested as the most likely caus&l0 corer equipped with tubes of 60 cm length and 10 cm in-
for the corrodedAmmoniatests in that area (Polovodova ner diameter. A plastic ring marked with 0.5 cm-scale was
and Scflinfeld, 2008). Indeed, similar signs of test dissolu- used to slice the uppermost one centimetre of the sedi-
tion were observed, when living specimenArhmonia ao- ment core. A thin grey spatula was gently moved between
moriensisfrom Flensburg Fjord were exposed to elevatedtube top and the plastic ring. The surface layer (0—1 cm) of
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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  Latitydd Longitude[E] Depth[m] Sediment type
FF1 Corer station MUC 5460.50 9°37.00 13 sandy mud
PF16-19 (Polovodova and Satifeld, 2008)  Corer station Rumohr corer °50.20 9°36.84 10 sandy mud
FF2 Water chemistry station CTD %419.00 9°43.00 18 -

FF3 Water chemistry staton CTD %40.00 9°50.00 27 -

FF4 Corer station MUC 547.02 9°51.37 13  muddy sand
PF16-21 (Polovodova and Satifeld, 2008)  Corer station Rumohr corer °86.92 9°51.28 9 muddy sand
FF5 Corer station MUC 548.02 9°53.08 13 muddy sand
PF16-26 (Polovodova and Sinfifeld, 2008)  Corer station Rumohr corer °88.28 9°53.49 8 muddy sand
FF6 Water chemistry station CTD S47.00 10°00.00 22 -

FF7 Water chemistry station CTD 546.00 10°10.00 23 -

T T T
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DENMARK
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Flensburg Denmark Sweden

GERMANY
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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.

sediment was safely removed from the core and transferreforaminifera. All Rose Bengal stained foraminifera were
with a spoon into 300 ml Kauté¥! wide-neck containers. considered as living at the time of sampling, whereas un-
The sediment was preserved and stained with a Rose Berstained tests were considered as dead. Living and dead spec-
gal ethanol solution of 2 gt according to Lutze and Al- imens were picked from the respective aliquots, sorted by
tenbach (1991). Ethanol concentration was 94 %. Stainingpecies, mounted in Plummer cell slides with glue, counted
time was three weeks at minimum, to ensure that the protoand measured. The dominant species were photographed by
plasm was completely impregnated with Rose Bengal in allusing a scanning electronic microscope (Cam Scan-CS-44)
tests of foraminifera that were living at the time of sampling. at the Institute of Geosciences, Kiel University.

In the laboratory, samples were first passed through a In order to document the differences in test dissolution,
2000 um screen in order to remove molluscs shells and pebforaminiferal tests were photographed using a scanning elec-
bles. Subsequently the samples were gently washed with tafponic microscope (Cam Scan-CS-44) and an electron probe
water through a 63-um sieve. The fractions 63—2000 um andnicroanalyser (Jeol JXA-8200 EPMA). Light micrographs
> 2000 um fractions were dried at 6C for at least 24h. were taken with a MiniPixie (MPX2051UC) digital micro-
The fraction 63—2000 um was split by using an Otto (1933)scope. The tests of living.. aomoriensisnvere subdivided
microsplitter to obtain aliquots of a manageable size. Subdinto three dissolution stages: intact tests, dissolution of the
sequently, all size fractions were weighted and the fractionlast chamber, and dissolution of more than two chambers.
63—-2000 um were quantitatively analysed for living and dead

www.biogeosciences.net/9/4421/2012/ Biogeosciences, 9, 4¥3-2012
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3.2 Carbonate chemistry measured values were standardized using an IAPSO seawater
solution. The precision of the alkalinity measurements was
Temperature and salinity parameters of the surface an@.37 %. The carbonate system parameters of bottom and sed-
near-bottom water were recorded using a CTD48M probeiment pore water, total carborCt), pCO, and omega for
(Sea & Sun Technology) at all stations (Tables 2 and 3). Atcalcite €¢ac) were calculated from measured pgt and
water chemistry stations, samples for analyses of carbonatmtal alkalinity (AT) according to dissociation constants as
chemistry parameters were taken from the surface water agpecified above.
1 m depth on stations FF1 to FF7 (Table 2), near-bottom wa-
ter 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 sampling4'1 Temperature and salinity

stations FF1, FF4 and FFS (Table 3). Surface and near-bottom water temperature and salinity from
~ Surface and near-bottom water samples were taken Ussiations FF1 to FF7 in Flensburg Fjord were characterised by
ing Niskin bottles and filled bubble free into 250 or S00ml . ounced seasonal fluctuations, prevailing in the area of
Duran™ glass bottles. Samples were poisoned with 50 Othe Baltic Sea. Temperature ranged frerd.9 to 20°C at

100 pl saturated mercury chloride solution and stored athe syrface and from-0.8 to 15.2C at the bottom during
room temperature until analysis. Total alkalinith+) and {1 investigation period (Tables 2 and 3).

total inorganic carbon((r) of the samples were measured A gtaple thermocline from 7 to 8 m water depth stratified
by potentiometric titration using VINDTA autoanalyser and ha water column between June and August 2009. From De-

coulometric titration after C@extraction using the SOMMA cember 2009 to April 2010, the water column was well mixed
system, respectively (Mintrop et al., 2000; Dickson et al., ith 5 temperature of & on average in both, surface and
2007). Offset of total alkalinity 47) and total carbond(r)  pear-hottom water. The surface of Flensburg Fjord was cov-
determinations (Tables 2 and 3) were assessed and correctgg, by floating ice in February, during that time the lowest
by measurements of certified reference material (DiCksorlemperatures were observed, ranging frem9 to 1.1 in the

et al., 2003). Seawater Rigs, pCOz and omega for cal- g face and near-bottom water (Tables 2 and 3).

cite (2caic) were calculated by using the CO2Sys-program  y\1aan salinity ranged from 13.3 to 21.1 at the surface,
developed by Lewis and Wallace (1998) (Tables 2 and 3).4nq 16.8 10 26.3 in the bottom water (Tables 2 and 3). The
,D'Ssoc'at'on constantky and K> were choseq accord- salinity increased from the surface (15.7) to the near-bottom
ing to Mehrbach et al. (1973) as refitted by Dickson and,yater(21.4), caused a persistent pycnocline from spring to
Millero (1987) and the KHS@ dissociation constant after g,mmer. Mixing in October caused a homogenous salinity in

Dickson (1990). the water column of approximately 22. A slight halocline in

Bottom water samples for carbonate system parameterpecember caused again a lower mean salinity of 18.1 in the

were taken from the supernatant water of Minicorer-tubesgitace and a higher value of 22.8 in the bottom water (Ta-

and filled directly into 20 ml PVC bottles. For sediment pore jjjas 2 and 3). In February, the boundary layer between the

water analyses, the sediment cores were sliced in 0.5Cn,iface and near-bottom water was dissipated and a uniform
intervals up to 2cm depth, below 2cm the intervals Weregajinity of 17 was observed.

1.0cm up to 5cm. Sediment samples from each interval

were transferred to 50 ml centrifuge tubes and centrifuged4, 2  Carbonate chemistry

at 3000 rpm for 30 to 40 min in order to separate the sed-

iment pore water from the sediment. The extracted sed-Carbonate chemistry measurements revealed a relatively sta-
iment pore water and the bottom water were transferredble surfacepCO, during the whole year (Fig. 2a). In con-
through 0.2 um steril filters into 20 ml PVC bottles. Bot- trast, pH andpCOs in the bottom and sediment pore water
tom and sediment pore water Qgk were measured using a showed a high variability during the seasonal cycle in Flens-
WTW 340i with a precision oft 0.01. The pH electrode was burg Fjord (Fig. 2b and c).

calibrated using standard buffer solutions of pH 4.01, 7.00 SurfacepCO; (4784 197 patm) was close to atmospheric
and 10.00 (WTW standard, DIN/NIST buffers L7A). Subse- levels with slightly lower values during the spring bloom,
quently, bottom and sediment pore water alkalinity was de-similarly pH (8.13+ 0.15) was relatively high and stable (Ta-
termined with a Metrohm titration instrument according to ble 2, Fig. 2a). In general, the western Baltic Sea is charac-
Ivanenkov and Lyakhin (1978). A greenish-brown Methyl- terised by a low salinity, ranging from 13 to 21, and con-
Red and Methylene-Blue indicator was added, and titrationsequently a low alkalinity 47) of 1821 to 2057 pmol kgt

was performed with 0.02 M HCI and finished until a stable prevailed in the surface water (Table 2). Consequently, the
light pink colour occurred. During titration, the sample was calcium carbonate saturation state for calci?gs(c) was low
degassed by continuously bubbling nitrogen through the soin this area. During the monitoring, we recorded a mean sur-
lution in order to remove the generated £6r HyS. The  faceQcac 0f 1.8440.70 in 2009 and 2010. Undersaturation

Results

Biogeosciences, 9, 442444Q 2012 www.biogeosciences.net/9/4421/2012/
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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 alkalizity) @nd dissolved inorganic carbo@+) were measured by coulometric

and potentiometric titration using SOMMA and VINDTA systems.yid, carbon dioxide partial pressure@O,) and omega of calcite

(Qcalp) were calculated using the CO2Sys-software.

Surface water

Station Temperature Salinity pigs AT Ct pCO  Qcalc
[°Cl [umolkg™1]  [umolkg™]  [patm

FF1(1m)

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 21.1 8.10 2056.8 1975.0 492  1.93

07.12.2009 6.7 17.3 8.09 1972.9 1923.8 499 145

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 1810.0 375 254

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 1972.4 575 1.70

07.12.2009 6.8 17.4 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 (1m)

02.06.2009 16.3 154 8.21 1907.0 1805.4 398 242

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 7.9 18.4 8.03 1982.4 1939.2 577 1.37

15.02.2010 -0.9 17.1 8.23 1952.5 1897.5 325 1.46

19.04.2010 7.4 15.0 8.30 1890.2 1800.5 294 210
FF4 (1m)

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 17.1 7.78 1912.0 1950.6 941 0.58

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 17.1 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 1785.2 392 232

18.08.2009 18.6 17.0 8.29 1934.9 1787.9 325 3.23

20.10.2009

07.12.2009 7.9 19.0 8.08 1993.5 1935.5 507 157

15.02.2010 -0.8 16.8 8.25 1936.4 1877.9 307 150

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

02.06.2009 145 15.1 8.22 1890.9 1796.0 385 228

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 1845.9 346 237

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

www.biogeosciences.net/9/4421/2012/
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Table 3. Water chemistry parameters of the near-bottom water (1 m 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 wateweke measured using a

WTW 340i. Analysis of total alkalinity A1) was determined with a Metrohm titration instrument. Dissolved inorganic cadpn ¢€arbon

dioxide partial pressurepCOy), and omega calcite4)c) were calculated using the CO2Sys-program. At stations FF2, FF3, FF6 and FF7,
analyses for total alkalinityAT) and dissolved inorganic carbod’{) were measured by coulometric and potentiometric titration using
SOMMA and VINDTA systems. pNgs, carbon dioxide partial pressure@0O,) and omega of calcitel]5,c) were calculated using the
CO2Sys-software.

Near-bottom and bottom water

Station Temperature  Salinity pigs AT Ct pCO  Qcalc
[°cl fumolkg]  [umolkg 1  [uatny
Bottom water FF1 (13 m)

02.06.2009 13.2 19.9 7.63 2388.4 2385.6 1337 1.19
18.08.2009 14.6 20.0 7.54 2199.5 2213.7 1536 0.95
20.10.2009 10.5 21.0 7.29 2465.7 2581.7 3074 0.53
07.12.2009 9.1 215 7.84 2174.0 2126.6 700 1.51
15.02.2010

19.04.2010 5.7 18.7 7.86 2353.5 2322.2 739 141

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 7.40 2079.7 21731 2661 0.45
20.10.2009 11.0 21.4 7.93 2073.6 2030.7 754 140
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 1951.5 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 23.5 7.92 2123.3 2085.1 735 1.32
18.08.2009 11.1 23.4 7.45 2117.9 2193.1 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 -0.2 175 8.08 1985.8 1958.9 478 111

19.04.2010 2.7 22.4 7.55 2022.4 2095.3 1631 0.45

Bottom water FF4 (13 m)

02.06.2009 15.1 204 7.52 2367.3 2350.3 1267 1.34
18.08.2009 12.8 211 7.43 2236.1 2283.7 1982 0.72
20.10.2009 11.2 22.4 7.21 2360.4 2491.4 3429 0.45
07.12.2009 8.6 241 7.85 2187.8 2131.2 673 1.60
15.02.2010 -0.4 16.8 7.81 1816.8 1823.3 634 0.70

19.04.2010 4.8 19.0 7.88 22345 2201.5 655 1.35

Bottom water FF5 (13 m)

02.06.2009 10.3 20.2 7.83 2125.5 2082.8 727 145
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 -0.4 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 2115.9 2175.3 2091 0.59
20.10.2009

07.12.2009 9.0 23.5 8.01 2056.1 1992.4 585 1.62
15.02.2010 -0.8 17.2 8.19 1960.1 1913.6 362 134
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 2043.1 796 1.30
18.08.2009 11.9 22.9 7.46 2089.3 2161.3 2326 0.53
20.10.2009 134 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 11 18.6 7.96 19745 1964.2 624 0.93
19.04.2010 2.9 22.8 7.63 2072.0 21225 1379 0.56

Biogeosciences, 9, 442444Q 2012 www.biogeosciences.net/9/4421/2012/
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Fig. 2. (A andB) surface water, near-bottom water, and bottom wat@®, at sampling stations from FF1 to FF &ndD) sediment pore
water pCO, andQqg ¢ at stations FF1, FF4 and FF5 from June 2009 to April 2010.

of the surface water was observed in February, Withc 2013+ 610 patm, pH (7.55- 0.10) was lower, but more sta-

values ranging from 0.40 to 0.94 (Table 2). ble in comparison to the water column (Table 4, Fig. 2c).
Stratification of the water column causes a strongpCO In contrast, the pH-profile of the sediment pore water re-

accumulation in the bottom water during summer and au-vealed considerable fluctuations within the 1 and 5 cm depth-

tumn. Therefore, large seasonal fluctuationsp@O,, pH interval, ranging from 6.82 to 8.11 (Fig. 3). Furthermore,

andQcaic Were observed in the near-bottom and bottom wa-the pH-fluctuations varied also between the sampling sta-

ter. One metre above the sediment, the mean near-bottorions and during the seasonal cycle. No trend was observed

water pCO, was 1120+ 82.86 patm. In comparison, the inthe 5cm depth-interval. Compared to the bottom water

bottom waterpCO, (1 cm above sediment) increased to (2233=+ 190 pmolkgl), the sediment pore water alkalin-

1390+ 71.63 patm (Table 3). HighegtCO» levels reached ity was much higher (285& 400 pmol kgt) which causes

up to 2000 patm during August in the near-bottom water anda relative high, slightly supersaturat€x,c of 1.09+ 0.38

up to 3000 patm during October in the bottom water a few cm(Table 4, Fig. 2d). Only sediments at station FF4 were consis-

above the benthic boundary (Table 3, Fig. 2b). This causedently undersaturated f&Rc4c with the lowest value of 0.46

lowest pH values of 7.40 and 7.21 in the near-bottom andn February (Table 4, Fig. 2d).

bottom waters during August and October (Table 3). Af-

ter mixing of the water columnpCO; decreased in winter 4.3 Foraminiferal population density and species

to mean values of 556 65.44 patm and 65¥% 132.07 (Ta- composition

ble 3). Similarly, mean pH showed the highest value of 7.91 . . . o .

in the near-bottom water and 7.85 in the bottom water (Ta_Popqutlon density of the living fora'mlmferal faunain Flens-

ble 3). The calculated medRcac values in the near-bottom PUrg Fjord ragged from 15 to 223ind. 10cf on average

water (1.08 0.07) and bottom water (1. 190.05) were low 68ind. 10 cm°. The abundance of dead specimens ranged

compared to surfac@caicand varied between the studied sta- 70M 16 t0 454 tests 10 gn?, on average 127 tests 10 Cﬁ]

tions (Table 3). The near-bottom and bottom waters of Flens] "€ @ssemblages consisted of six calcareous spekins:

burg Fjord were frequently undersaturated fagc with a monia aomorlenslsEIphldm.m' albiumbilicatum, Elphidium

lowest value of 0.45 in August and October (Table 3). excavatum clavatum, Elphidium excavatum excavatum, El-

The carbonate chemistry of the sediment pore waterPnidium gerthiand Elphidium incertum and two arena-
strongly deviated from the conditions in the water column. CEOUS Speciesmmotium cassiandReophax dentaliniformis
Sediment pore waterCO, from the depth-interval 0to 1.cm, (Fi19- 6). Foraminiferal faunas were dominated Ay ao-

did not fluctuate as strong as the bottom water. It was nomeriensis E. incertumand A. cassis(Fig. 4). The speci-
ticeable that thexCO, was high during the whole year and MeNS of' common to' rare species, which were occas!onally
ranged from 1244 to 3324 patm (Table 4, Fig. 2c). Mean segbresent in the foraminiferal assemblages, were combined to
iment pore watepCO; of the 0—1cm depth-interval was ©N€ group, called “Other” (Tables 5 and 6).

www.biogeosciences.net/9/4421/2012/ Biogeosciences, 9, 4¥3-2012
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Table 4. Seawater carbonate chemistry of bottom water (1 cm above the sediment surface) and sediment sediment pore water (0-1cm) a
stations FF1, FF4 and FF5 during the one year cycle. Bottom and sediment pore waggy \were measured using a WTW 340i. Total
alkalinity (A1) was determined with a Metrohm titration instrument. Dissolved inorganic carBeh €arbon dioxide partial pressure

(pCO»), and omega calcite]5/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 porewater water  pore water
0-1cm 0-1cm 0-1cm 0-1cm 0-1cm
Station pHiss  PHNBs At At Cr Cr pCO, pCO, Qcalc Qcalc
[umolkg™l]  [umolkg™] [umolkg™}] [umolkg™!] [uatmi  [uatny
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 3274.1 727 1573 1.45 1.69
18.08.2009 7.47 7.60 2239.1 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 2731.1 769 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

Calculations of two diversity indices, Shannon-Wiener- on average during the whole year at station FF5 (Table 5).
Index and Fishers alpha, exhibited low values at all stationsThe arenaceous speciés cassiswas very frequent in Au-
which indicates a low diversity of living and dead assem- gust and in February with 63 and 37 % (Table 5). At station
blages. There is a maximum of 8 species constituting the=F4, which was also located in the outer FjoEd incertum
community. Hence, any changes in assemblages compositiowas the dominant species during the whole year and showed

will induce only insignificant differences of diversity. a maximum of 94 % in April. In compariso#. aomoriensis
was rare, ranging from 0 to 9% (Fig. 4. cassisachieved
4.3.1 Living assemblages maximum proportions of 36 % in December (Table 5).

Stations FF1 and FF5 showed a similar trend of popula-4.3.2 Dead assemblages

tion density and composition of living species during the

seasonal cycle (Fig. 4). FF1 is located in the middle partDuring the whole investigation period (except of June at FF4
of the fjord, where the sediment consists of sandy mud,and FF5)A. aomoriensiglominates the dead assemblages at
whereas station FF5 is located in the outer fjord of Flensburgstations FF1, FF4 and FF5 with 62, 46 and 39 % on average
where muddy sand prevailed (Fig. 1). Maximum numbers of(Table S1 in the Supplement, Fig. 4). At station FF1, abun-
101 and 129ind. 10 cn? were observed in October at sta- dance of dead foraminifera was consistently higher ranging
tions FF1 and FF5, wheA. aomoriensisvas frequent with  from 118 to 454 tests 10 crd in comparison to the other sta-
49 and 72 % (Fig. 4, Table S1 in the Supplement). At stationtions. At station FF1E. incertumwas common with 14 %,
FF1, A. aomoriensisvas also frequent in April with 61%, andA. cassisvas very rare with 0.4 % on average through-
and it was common with 17 % in Augu$lphidium incertum  out the year (Fig. 4). In contradE. incertumwas common
dominated with 52 and 48 % during summer, ahdcassis  at stations FF4 and FF5, and depicted maximum values in
was rather rare with 1 % (Fig. 4, Table S1 in the Supplement) February and April with 42 % on average at station FF4 (Ta-
In contrastE. incertumwas the dominant species with 34 % ble 6). The arenaceous speciscassiswas frequent with

Biogeosciences, 9, 442444Q 2012 www.biogeosciences.net/9/4421/2012/
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Table 6. Foraminiferal census data of dead species collected at the studied stations (FF1, FF4 and FF5) of Flensburg Fjord between June 2009 and April 2010, size fraction 632000 um.

Dead foraminiferal species June August October December February April
0-1cm>63pum 02.06.2009 % 18.08.2009 % 20.10.2009 % 07.12.2009 15.02.2010 19.04.2010 %
Station FF1  Species
Ammonia aomoriensis 343 722 941 595 213 549 377 59.1 369 64.1
Elphidium albiumbilicatum 1 0.2 3 0.2 2 0.3 2 0.3
Elphidium excavatum clavatum 29 6.1 115 7.3 61 157 56 8.8 42 7.3
Elphidium excavatum excavatum 8 1.7 183 11.6 68 17.5 114 179 92 16.0
Elphidium gerthi 2 0.4 1 0.3 2 0.3
Elphidium incertum 87 18.3 296 18.7 38 938 63 9.9 64 11.1
Total number of calcareous individuals 470 1538 381 614 569
Ammotium cassis 4 0.8 10 0.6 3 0.5 1 0.2
Reophax dentaliniformis 1 0.2 33 2.1 7 1.8 21 3.3 6 1.0
Total number of agglutinated individuals 5 43 7 24 7
Total number of specimens 475 1581 388 638 576
Species number 8 7 6 8 7
Sample volume (c) 47 76 56 60 94
Split (n) 0.5252 0.4585 0.4802 0.4791 0.5210
Abundance (tests 10 cnd) 192.4 453.7 144.3 221.9 117.6
Station FF4  Species
Ammonia aomoriensis 1 8.3 19 528 142 49.1 353 85.9 38 404 7 389
Elphidium albiumbilicatum
Elphidium excavatum clavatum 3 8.3 8 2.8 2 2.1
Elphidium excavatum excavatum 3 250 4 111 1 0.3
Elphidium gerthi 1 2.8
Elphidium incertum 1 8.3 1 2.8 55 19.0 26 6.3 38 404 8 444
Total number of calcareous individuals 5 28 206 379 78 15
Ammotium cassis 6 50.0 6 16.7 63 218 1 27 9 96 2 111
Reophax dentaliniformis 1 8.3 2 5.6 20 6.9 21 51 7 7.4 1 5.6
Total number of agglutinated individuals 7 8 83 32 16 3
Total number of specimens 12 36 289 411 94 100 18
Species number 5 7 6 4 5 4
Sample volume (c) 59 95 100 93 73 59
Split (n) 0.0663 0.2351 0.5080 0.4769 0.4913 0.0623
Abundance (tests 10 cns) 30.7 16.1 56.9 92.7 26.2 49
Station FF5  Species
Ammonia aomoriensis 3 125 279 435 23 62.2 94 39.8 225 314 93 458
Elphidium albiumbilicatum 1 4.2 11 1.7 2 0.8 2 0.3 1 0.5
Elphidium excavatum clavatum 2 8.3 196 30.6 8 216 100 424 292 40.8 49 241
Elphidium excavatum excavatum 10 417 4 0.6 2 5.4 1 0.4 3 15
Elphidium gerthi 0.0 1 0.4
Elphidium incertum 7 29.2 137 214 3 81 33 140 165 23.0 53 26.1
Total number of calcareous individuals 23 627 36 231 684 199
Ammotium cassis 1 4.2 6 0.9 2 0.8 22 3.1 3 15
Reophax dentaliniformis 8 1.2 1 2.7 3 1.3 10 1.4 1 0.5
Total number of agglutinated individuals 1 14 1 5 32 4
Total number of specimens 24 641 37 236 716 203
Species number 6 7 5 8 6 7
Sample volume (c) 47 67 51 64 76 48
Split (n) 0.1239 0.5340 0.1324 0.5071 0.5456 0.2996
Abundance (tests 10 cnd) 41.2 179.2 54.8 72.7 172.7 141.2
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PHuas A. aomoriensisalso exhibited no relationship between test
727680727680727680727680727680 7276 8.0 Slze andpcoz (Ta-ble 82 In the Supplement)-
i Bottom water In contrast to pCO,, population densities of living
»
’

Station FF1 .

A. aomoriensisshowed a co-variance with saturation state
Qcalcc Mean population density was comparatively low
(5ind. 10 cnT3) 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 Qcqic between 0.46 and 0.99 during the whole year,

Pore water

Depth (cm)

IS
- oo

Station FF4 | .

l
!

» . Bottom water

with the exception of October witkecyc of 1.76 (Table 4).
During that time howeveR. aomoriensishowed the lowest
populations density of 3ind. 10 cr (Fig. 5; A). By compar-

{

|
]

Pore water

Depth (cm)

ison, stations FF1 and FF5 were most of the time supersatu-
K rated forQcaicfrom 1.07 to 1.69 (Table 4), and revealed mean
. population densities of 19ind. 10 crhand 35ind. 10 cm?,
’ JE otom water respectively (Fig. 5; A).
In contrast, the population density Bf incertumshowed
no co-variance with sediment pore wafeg; .. Under super-

Pore watsr saturatedcqc conditions, the mean population density was
lower with 15ind. 10 cm?, in comparison to undersaturated
values ofQcalc with a population density of 53ind. 10 crd,
on average (Fig. 5; C).

Station FF5

Depth (cm)

Dec Feb Apr

Date (2009/2010) 4.5 Tests of living calcareous foraminifera

Fig. 3. Bottom and sediment pore water profiles ofyd plotted The test walls of the dominant calcareous spedieso-

vs. sediment depth (cm) at stations FF1, FF4 and FF5 during they, ,iensisand E. incertumwere examined. Different stages

seasonal cycle (2009/2010). of tests ofA. aomoriensisvere 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).

50% in June at station FF4, otherwise it was rare with 2 %Sixty four percent of the tests of living. aomoriensisvere

on average at station FF5 (Table 6). intact and had a smooth and shiny surface, which was recog-
nised in all samples during the one-year cycle (Fig. 6: 2).
4.4 Co-variance of population density with respect to However, the remainind\. aomoriensisspecimens exhibit
carbonate chemistry different stages of test dissolution. At stations FF1 and FF5,

33 and 29 % ofA. aomoriensispecimens exhibited dissolu-

The living and dead foraminiferal assemblages fluctuatedion Of the last chamber. Dissolution of more than two cham-
seasonally. In particular the population density of the living PErS was observed in 4 and 13 % of the living specimens. All
fauna suggests a certain co-variance with pore wa@o,. _chambers v_ver_e_decalcmed and in few individuals, only the
However, scale and magnitude of the fluctuation in both pa/NNer organic lining was left. _ _
rameters revealed that the population density was not directl)( In contrast, livinge. incertumdisplayed no signs of disso-
affected by changing pore wat@iCO;, respectivelyQcalc ution. Occaspna!ly, the_last chambersEzflqcertumwere
(Fig. S1 in the Supplement). broken, WhICh |nd!cates |mpacts.of mephamcal forces, prob-
We tested the co-variance of the arenaceous spacigss- ~ aPly during sampling or processing (Fig. 7b: 6).
sisand saturation state, but no correlation was recognised, _Furthermore, some test walls of livilg aomoriensiex-
The data provided no evidence that cassiscould be af- h|b|ted recalcified structures (Fig. 7b: 1-3). Thl_s recalcifica-
fected by changing carbonate chemistry. Therefore, we willllON Was usually characterised by test deformities such as an

focus on the calcareous species, which directly respond tdregular test shape (Fig. 7b: 2-3). The walls of the cham-
changes of the carbonate chemistry. bers were not completely covered by a newly formed calcite

Living calcareousA. aomoriensisand E. incertum re- lamella, which indicated a fragmentary precipitation of cal-
vealed mean population densities of 16ind. 10@nand cite from the external to the inte_rnal test walls (Fig. 7b: 2).
33ind. 10 cn3. No correlation with the sediment pore wa- ©!d or compact and young or thinner chambers showed the
ter pCO, was recoghised, neither in the living assemblagesS@me porosity (Fig. 7b: 2).

(Fig. 5), nor in the dead assemblages (Fig. S2 in the Supple-
ment). Furthermore, mean test diameter of living and dead

www.biogeosciences.net/9/4421/2012/ Biogeosciences, 9, 4¥3-2012
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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 speci
(Tables 5 and 6). Sediment pore wate2O; in Flensburg Fjord is displayed by white triangles.
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'._~§ w0 c,.' - "rF . s § et aI.,. 2010; Melzngr et al., 2012). Furthermore_, carbqqate
8 = oWt " . g chemistry of the sediment pore water, especially in the living
B e e 0 benthic foraminiferal habitat from 0—1 cm, strongly deviated
0.0 0.5 1.0 15 20 1000 1500 2000 2500 3000 3500 . B .
Pore water O, Pore water pCO, (uatm) from the conditions in the bottom water. Sediment pore water

exhibited perennial higlhhCO, values ranging from 1244 to
Fig. 5. Population density of livincA. aomoriensigA andB) and 3324 patm. This is a consequencafaccumulation in the
E. incertum(C andD) vs. sediment pore wat€lcaic (A andC) and  hypoxic water column and the surface sediments by aero-
pCO; (B andD). The different symbols present stations FF1, FF4 pic rqcesses. In contrast, in the deeper, anoxic sediments
and FFS5 during the one year cycle. anaerobic bacterial decay of organic matter leads to produc-
tion of metabolic bicarbonate (HCQ by nitrate and sulfate
reduction and an increase dff (Yao and Millero, 1995).
Whereas the HCD remains in the sediments, the gaseous
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5.2 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 (&cfeld and
Numberger, 2007a). In particular, high values of food sup-
ply 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 (Al-
tenbach et al., 1999; Morigi et al., 2001; Gooday, 2003). As
such, it is conceivable that enhanced influx of organic mat-
ter provided sufficient food for a rich benthic community in
Flensburg Fjord.

The composition of living and dead assemblages showed
no correlation withpCOg, respectivel\2¢qic. This infers that
either no extensive mortality occurred or dissolution of shells
is prevented by the relative high carbonate saturation. Fur-
ther, 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 liv-
ing population through manifold reproduction.

0 100 200 300 ym In this study, we observed that livily. aomoriensisvas
frequent in muddy sediments at the middle station FF1 of
Fig. 6. Benthic foraminifera from Flensburg Fjord Elphidium al-  Flensburg Fjord during the entire period of investigation.

biumbilicatum spiral (1) and apertural (1a) views;Ammmonia ao-  Only in October 2009 A. aomoriensiswas dominant in
moriensis spiral (2), umbilical (2a) and detailed view of the test myddy sands at the outer Fjord station FF5. This occurrence
wall (2b); 3Elphidium gerthi spiral view; 4Elphidium excavatum  heak was possibly related to a favourable calcite saturation
clavatum spiral (4), apertural (4a) and detailed view of the suture of gy q 4t this location in October. Furthermore, oxygen and nu-
two chambers (4b); Elphidium excavatum excavatuspiral (5), . . . : - -
trientinput could also favour an increase in population densi-

apertural (5a) and detailed view of the suture of two chambers (5b);. . .
6 Ammotium cassisop view; 7Reophax dentaliniformigop view; ties of A. aomoriensigPolovodova et al., 2009). Also at the

8 Elphidium incertumspiral (8) and apertural (8a) views. middle Fjord station FF1, the population density/Aafao-
moriensisvaried apparently during the seasonal cycle. On

the other hand, station FF4 in southern Gelting Bay showed
end products bS or N, are either degassing or are bound as a noticeable low population density Af aomoriensisThis
iron sulphides (Kristensen et al., 1998; Thomas et al., 2009)part of Flensburg Fjord was reported as a quiet area with low

The At in the surface waters ranges from 1800 to 2100mixing events in the water column (Exon, 1971). Therefore,

umol kg~ and thus is slightly lower than the buffer capac- seasonal stratification and respiration in the deeper water
ity of bottom waterAt (1800—-2500 umol kgt). However,  causes hypoxic zones and carbonate undersaturation, which
the sediment pore water habitat of the benthic foraminiferacould influence the survival and calcificationfafaomorien-
exhibited a much higher alkalinity ranging from 2000 to Sis The oxygen depletion could also promote the lam-
3500 pmol kg!. Remineralisation products causg and monia population densities at station FF4 (Alve and Nagy,
At enriched sediment pore waters and an enhancegl CO1986; Buzas-Stephens and Buzas, 2005; Polovodova and
buffer capacity (Thomas et al., 2009). Consequefithy of Sclbnfeld, 2008), even though sufficient food is available.
the sediment pore waters was much higher than in the water The low-oxic conditions would also explain the domi-
column for most of the year. In contrast to stations FF1 andnance ofE. incertumliving in the uppermost sediment layer
FF5, Qcalc Of station FF4 was undersaturated during most ofduring the whole year at station FRphidium incertunhas
the year. Both stations, FF4 and FF5, are located in Geltbeen described as an intermediate-infaunal species, which
ing Bay and have the same sediment, which is muddy sanddwells in the sediment down to 3—-6cm depth (Linke and
However, even slight differences in the sediment compositionLutze, 1993). Under unfavorable oxygen conditions, this
might cause different remineralisation processes (Kristensespecies moves into the uppermost sediment layers (Wefer,
etal., 1998; Asmus et al., 1998a,b), which could explain thel976). In the current study, livin§. incertumshowed ir-
Qcalc Undersaturation at station FF4. regular spatial and temporal fluctuations in Flensburg Fjord.

Higher population densities &. incertumwere observed in

the middle Fjord station FF1 in June and in the outer Fjord
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Fig. 7. (A): Three stages of preservation of lividg aomoriensisintact tests, dissolution of the last chamber and dissolution of more
than two chambers. Bars indicate the percentage of total species numbdeaahoriensigTable 5) from June 2009 to April 2010. The
number of counted. aomoriensispecimens is present above each {B. Subjacent SEM (1), EPMA (2) and light micrographs (3—6) of
A. aomoriensi®ndE. incertumtests from Flensburg Fjord from Station FF5 in June 2009. A—-&omoriensisdetailed 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 spirdtvieaeaium
with intact test, last chamber was broken.

station FF5 in April. The southern station FF4 in Gelting Bay, food particles, in particular their enrichment at hydrographic
however, showed highest population densitieEofincer- boundary layers and at the sediment surface bathed by these
tumin June and in April. Previous studies described that theinternal nepheloid layers (Wefer, 1976; Olsson, 1976). Given
reproduction oft. incertumpreferentially takes place after these favorable condition8, cassidloomed and dominated
phytoplankton blooms, which deliver high amounts of sus-the foraminiferal assemblages in August at station FF5.
pended organic particles to the sediment surface (Altenbach,

1985; Gustafsson and Nordberg, 1999). Indeed, we observesl3 Comparison with earlier findings

a dense layer of filamentous algae covering the sediment sur-

face at all stations in June 2009. This algal mat probably in-polovodova et al. (2009) took sediment samples in June 2006
duced and sustained the dense populatioB.dhcertumin  and described the recent living foraminiferal distribution in
June, whereas the high and even rising population density iftjensburg Fjord. Three of the sampling stations were ad-
April was caused by the late spring diatom bloom in 2010jacent to our stations in June 2009. The comparison of
(Smetacek, 1985; Sonfeld and Numberger, 2007b). both data sets revealed changes in living faunal composition
The arenaceous speci&scassisvas only common inthe  wjithin three years (Fig. 8).
central and open parts of the outer Flensburg Fjord, where station PF16-19 of Polovodova et al. (2009) was closely
muddy sand prevailed. A higher number of livilg cas-  |ocated to our station FF1. Both stations showed a similar
siswas observed in October and December at station FF4species composition, 18 % aomoriensigind 57 %E. incer-
This transient peak correlated with the highest salinity val-tymin June 2006 and 15 and 52 % in June 2009, respectively
ues of 22.3 and 24.1 recorded at this station. It has been qu|g 8) This similar Species proportions revealed that the
tected that the ability oA. cassido live in the SW Baltic Sea  environmental setting did not change substantially between
is controlled by salinity (Lutze, 1965). A rising salinity due 2006 and 2009 at station FF1 in the middle Fjord.
to decadal, massive saltwater inflows from the Kattegat had polovodova et al. (2009) stations PF-16-21 and PF-16-26
led to increasing abundancesAfcassisn Kiel Bight dur-  are close to our outer Fjord stations FF4 and FF5. From
ing the following years (Sdinfeld and Numberger, 2007a; june 2006 to 2009, stations PF-16-21 and FF4, and PF-16-
Nikulina et al., 2008). A further important process, which in- 26 and FF5 showed a distinct faunal change. Livingpo-
fluenced the reproduction &. cassisvas the availability of  moriensiswas dominant with 70 % (station PF-16-21) and
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June 2006 June 2009 et al., 2003; Kuroyanagi et al., 2009; Allison et al., 2010;
Haynert et al., 2011; Fujita el al., 2011), whereas other stud-
ies showed no significant change of calcification under simu-
lated futurepCO, scenarios (Dissard et al., 2010; Mcintyre-
Wressnig et al., 2011).

Population density of livingA. aomoriensisone of the
Station PF16-19 Station FF1 dominating calcifying species, co-varies with sediment pore
water undersaturation @cqc. This finding is in agreement
with observations from the laboratory, where mean test diam-
eter ofA. aomoriensislecreases in treatments withc < 1,
by up to 22 % (Haynert et al., 2011).

In contrast, the fithess and survival of the symbiont-
Station PF16-21 Station FF4 bearing benthic foraminiferAmphistegina gibbosand Ar-
chaias angulatuswere not directly affected by elevated
pCOy up to 2000 patm (Mcintyre-Wressnig et al., 2011).
But it is important to note that during the whole six week
incubation time Q¢ac Was supersaturated ranging from 5.4
to 1.5. These results confirm our in conclusion that living
foraminifera are adapted to highCO, levels, but respond

most sensitive to an undersaturatiorthf;c.
mm—Ammonia aomoriensis Furthermore, a previous study has been shown&hano-
mm Elphidium incertum i i . . . .
= Ammotium cassis nia tepidarevealed the highest calcification and survival rates
=3 Other at undersaturated condition® & 1) (Dissard et al., 2010).
Ei . . . These results emphasise the need to understand the biological
ig. 8. Comparison of living benthic assemblages between the years e o S
2006 and 2009. control of the calcification process in different foraminiferal
species.

To date, only a low number of field studies investigated the
94 % (station PF-16-26), whereas in 2009 liviigincertum  response of calcifying organisms in natural £@h habi-
dominated with 78 % at station FF4 and was common at FF3ats. At CQ vents off Ischia (ltaly), settlement and overall
with 21 % (Fig. 8). Furthermore, a small populationfotas- ~ a@bundance and species richness of benthic foraminifera was
siswas observed before June 2009. This species comprisegignificantly decreased at the low pH (7.08) site, which was
6 % at station FF4 and 1 % at FF5. undersaturated with respect to calciir .= 0.75) (Cigliano

On the one hand, this faunal Change could reflect the yearet al., 2010) In contrast, the current Study exhibited that cal-
to-year variability in parameters like salinity, food supply and careous benthic foraminifera from Flensburg are able to sur-
oxygen content. The relationship with these parameters wa¥ive and continue calcification under higitO, and low pH
documented foA. beccarij E. incertumandA. cassisn pre-  values throughout the year. This infers no relationship be-
vious studies (Wefer, 1976; Polovodova et al., 2009). tween highpCO,-levels and the calcification process itself.

On the other hand, it is known that benthic foraminifera  Differences between Flensburg Fjord and Ischia might be
reveal irregular distribution pattern on the sea floor (Elli- €xplained by higher, slightly supersaturateghc values in
son et al., 1986; Schafer, 1973). The degree of patchineshe sediment of Flensburg Fjord. In contrast, hig8O;,
varies, for instance a clumped distribution of many speciescause undersaturated conditions in the open seawater at Is-
reflects reproduction events (Buzas, 1968). Patchy colonisachia. Nevertheless, the saturation state itself, neit@®,
tion is a combination of many factors such as sediment comnor pH, seems to be the parameter which has an intense ef-
position (Bernstein et al., 1978; Bernstein and Meador, 1979fect on calcification and test integrity of benthic foraminifera.

or microhabitat specialisation (Jumars, 1975). Patchiness of herefore, it needs to be considered that foraminifera may
foraminiferal assemb|ages m|ght p|ay a certain role in thenot be SUbjeCtEd to undersaturation within sediments, which

Station PF16-26 Station FF5

observed differences between the years and stations. might cause a much lower vulnerability to increased atmo-
spheric pCO, as observed in the Ischia study (Cigliano et
5.4 Response of living calcareous foraminifera to al., 2010).
undersaturated 2¢aic

5.5 Test dissolution
It is expected that foraminifera will respond negatively to
ocean acidification (Cigliano et al., 2010; Haynert et al., Biogenic calcification is expected to be highly affected by
2011). Some laboratory studies revealed hampered calcifiecean acidification. Our study in Flensburg Fjord revealed
cation and decreased survival at elevapgtiO, (Le Cadre  no general impairment of calcification of living benthic
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foraminifera in a naturally C&rich coastal environment. than 88 days as reported by Bradshaw (1957, 1961). This in-
Only in undersaturated water dissolution features were obfers that evenA. aomorienispopulation has to be regarded
served, but the response was clearly species specific. Fandividually in the context of the environmental factors pre-
instance E. incertumdid not exhibit any signs of dissolu- vailing at the particular station about a couple of weeks be-
tion, whereasA. aomoriensishowed several stages of test fore sampling. Therefore, certain foraminiferal species seem
corrosion. to cope much better with undersaturated conditions than oth-

Similar dissolution features were observed in marginalers, which may eventually lead to future shifts in community
marine foraminifera from several settings: Sandebukta, Nuestructure.
ces Bay, Flensburg Fjord and Cleveland Bay (Alve and Nagy, Test dissolution in foraminifera is also known from the
1986; Buzas-Stephens and Buzas, 2005; Polovodova angeological record (Alve, 1995, 199%lIphidium incertum
Schinfeld, 2008), and on estuarine foraminifera from Southshowed a higher resistance to undersaturatioR2gfic in
Alligator River (Wang and Chappell, 2001). All these dis- comparison toA. aomoriensis Therefore,A. aomoriensis
solution phenomena may have different background reasongould be the better proxy for ocean acidification in the past.
inferred by anthropogenic or natural conditions (Le Cadre etAccording to our results, calcification and recalcification of
al., 2003). Abrasion and predation were suggested by difA. aomoriensigs a response to the environmental stress in-
ferent authors as forces, which may act independently oduced by changes g c. High proportions of corroded tests
amplify the foraminiferal shell loss (Bradshaw, 1957; Mar- of A. aomoriensisn sediment cores could indicate variations
tin et al., 1995; Alve and Murray, 1999; Polovodova and in ecological parameters, in particular elevated environmen-
Schinfeld, 2008). However, we observed similar stages oftal stress. Therefore both, morphological abnormalities as
dissolution in a previous laboratory study with manipulatedwell as dissolution features, might be useful proxies in pa-
carbonate system. The experiment results supported our hyeoenvironmental reconstructions (Geslin et al., 2002).
pothesis of calcite undersaturation as the major reason for
dissolution ofA. aomoriensidests, also in Flensburg Fjord
(Haynert et al., 2011).

In Flensburg Fjord, we observed recalcification structures
on tests ofA. aomoriensiswhich are explained by seasonal
fluctuations ofQ2cqc in the sediment pore water. After peri- Future ocean acidification will amplifpCO, levels, espe-
ods of Qealc< 1, A. aomoriensisare seemingly able to re- cially in hypoxic water masses (Brewer and Pelzer, 2009;
build their shell wher2¢gc returns to a supersaturated state Melzner et al., 2012). Already today, low [@Q are en-
> 1. The same has been observed on testsnofnonia bec-  countered in the habitat of Flensburg Fjord. Additional.CO
carii, which begin to recalcify when pH was increased after will cause further increases of seawaje€£0O, and lower-

a period of low pH levels (Le Cadre et al., 2003). The recal-ing of [CO%‘] (Melzner et al., 2012). According to our cal-
cification begins between the septal walls or around protrud-culations, increasing Cflevels will also cause a strong
ing cytoplasmic masses. Such a “repair’ commonly leads tancrease of sediment pore water (0—1cpQO, by about
development of morphological abnormalities (Stouff et al., 1500 patm to mean values of 355080 patm (Fig. 9). At
1999; Le Cadre et al., 2000). Abnormal tests of foraminiferathe same time, pH anfgc will decrease to mean values
were also observed in Rio Una (Brazil), resulting from natu- of 7.42+ 0.08 and 0.5% 0.20 (Fig. 9). This would lead to a
ral periodical acidification (Geslin et al., 2002). constant undersaturation of sediment pore watgf. during

In order to investigate, whether dissolution and recalci-the whole year cycle (Fig. 9).
fication had an influence on the growth of the specimens In consequence of increasing atmospheric,@dncen-
during their entire lifespan, we measured the size distributrations, a much highepCO, increase is expected for sea-
tion in a specimen oA. aomorienis The diameter of living  sonal hypoxic habitats such as Flensburg Fjord, in compar-
and deadA. aomorienisranged in average from 306 um in ison to open ocean environments. ElevajegdO, or low
minimum up to a maximum of 461 um. Mean diameter of pH may have not led to any drastic change of the benthic
the dead assemblage ranged from 269 um in minimum ugoraminiferal community structure yet. However, it is no
to a maximum of 433 um. The sizes Af aomorienisare  doubt that certain species, in particulraomoriensishave
in good general agreement with populations from North Seaalready exhibited high sensitivity to undersaturated states of
tidal flats (Hazeleger, 2010) in Quarternary sediments frompresent-day environment. In the future, more adverse condi-
the Dead Sea Rift, Israel (Almogi-Labin et al., 1995). Size tions may lead to a strong declineAn aomoriensigpopula-
distribution histograms differ between the successive samtion density.
pling dates. Large proportions of small-sized tests or sin- More tolerant calcareous species, suckaacertummay
gle modes usually indicate reproduction events (Swallow,potentially dominate the benthic foraminiferal communities
2000). In Flensburg Fjord, increase in size from one sam-under future elevatedCO, conditions. This shift will even-
pling event to another was not recognised. This can be retually lead to changes in the benthic foraminiferal commu-
garded as corroborating evidence for generation times shortarities of Flensburg Fjord. The same will probably apply to

5.6 Impact of rising atmospheric CG, on the carbonate
chemistry of a coastal habitat
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other regions too, which are going to experience naturallypore waterpCO,, respectivelycqc. INstead, the population
undersaturatef®cqc levels. density of the living fauna showed fluctuations which can
Furthermore, planktonic foraminifers also precipitate thin- be attributed to the seasonality of food supply and organic

ner test walls at reduced carbonate ion concentrations anchatter degradation.

higher atmospheric Cfevels (Spero et al. 1997; Bijma et  The population density o. aomoriensisone of the dom-

al., 1999; Moy et al., 2009; Manno et al., 2012). Therefore,inant calcifying species, co-varies with sediment pore water

calcareous planktonic foraminifera in the water column mayundersaturation of2¢gc. In contrast, the co-occurring cal-

be more affected by the futureCO, increase in compar- careous specids. incertumshows no relationship t& < 1.

ison to benthic foraminifera living in the surface sediments. Also the dissolution response of the foraminiferal tests dif-

The reduction of calcification of planktonic foraminifera may fers between the two species. Wher&asncertumdisplays

have a considerable impact on global carbonate productiomo signs of test dissolutiod. aomoriensishows different

At present, planktonic foraminifera export 2.9 Gt Ca{Jier stages of test dissolution. Test dissolutiorAofaomoriensis

year from the photic zone on a global scale (Schiebel, 2002)¢ould indicate environmental stress, such as undersaturation

whereas calcareous benthic foraminifera in neritic environ-of Qcqc. Therefore, dissolution features offer useful poxies

ments produce 0.1Gtyt (Table S3 in the Supplement). for paleoenvironmental reconstructions.

This rate is about a magnitude lower than pelagic carbon- The calculated future sediment pore water acidification in

ate production. However, facing a future reduction in the ex-Flensburg Fjord is much higher than expected for the global

port production of planktonic foraminifera, we may expect a ocean. We conclude that benthic foraminifera are relatively

relative increase of shallow-water benthic foraminiferal car-tolerant to current higlyCO, conditions in Flensburg Fjord,

bonate precipitation and thus a shift from pelagic to neriticwhich suggest that elevategCO,-levels do not lead to a

carbonate production. drastic change in the foraminiferal communities. The mod-
eled, future change of sediment pore water chemistry towards
low, undersaturatet¢gc, however, might increase the mor-

6 Conclusions tality of the dominating specieA. aomoriensiswhich will
ultimately lead to changes in benthic foraminiferal commu-

The present study is based on monitoring of the benthichities for Flensburg Fjord.

foraminiferal assemblages in a naturally £fch coastal

habitat of Flensburg Fjord. Bottom and sediment pore wa-

ter pCO, showed large seasonal fluctuations and sediment’™F ° ] 8

pore waterpCO, was constantly high during the entire year. available online at: http://www.biogeosciences.net/9/

Nevertheless, as a consequence of higher alkalidity,(the ~ 4421/2012/bg-9-4421-2012-supplement.pdf

sediment pore water was often supersaturated with respect to

calcite. These observations indicate that the benthic commu-

nity was subjected to highCOo.

The living and dead foraminiferal assemblages fluctuated
seasonally but showed no direct relationship with sediment

pupplementary material related to this article is
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