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Response of foraminifera Ammonia confertitesta (T6) to ocean
acidification, warming, and deoxygenation -

An experimental approach

Elsa Muller

Muller, E., 2023: Response of foraminifera Ammonia confertitesta (T6) to ocean acidification, warming and
deoxygenation: an experimental approach. Dissertations in Geology at Lund University, No. 667, 31 pp. 45 hp (45
ECTS credits).

Abstract: Ocean acidification, warmer temperatures, and the expansion of hypoxic zones in coastal areas are direct
consequences of the increase in anthropogenic activities. However, so far, the combined effects of these stressors
on calcium carbonate-secreting marine microorganisms - foraminifera are complex and poorly understood. This
study reports the foraminiferal survival behavior, and geochemical trace elements incorporation measured from the
shells of living cultured benthic foraminifera from the Gullmar fjord (Sweden) after exposure to warming,
acidification, and hypoxic conditions. An experimental set-up was designed with two different temperatures (fjord’s
in-situ 9 °C and 14 °C), two different oxygen concentrations (oxic versus hypoxic), and three different pH (control,
medium, and low pH based on the IPCC scenario for the year 2100). Duplicate aquariums, meaning aquariums
displaying the same conditions and same number of species, were employed for the controls and the two lower pH
conditions at both temperatures. The stability of the aquariums was ensured by regular measurement of the water
parameters and confirmed by statistical analysis. The species Ammonia confertitesta’s (T6) survival (CTB-labeled),
shell calcification (calcein-labeled), and geochemical analyses (laser-ablation ICP-MS) were investigated at the end
of the experimental period (48 days). Investigated trace elements (TE) ratios were Mg/Ca, Mn/Ca, Ba/Ca, and Sr/
Ca. Results show that 4. confertitesta (T6) calcified chambers in all the experimental conditions except for the most
severe combination of stressors (i.e., warm, hypoxic, low pH). Survival rates varied by up to a factor of two
between duplicates for all conditions suggesting that foraminiferal response may not solely be driven by
environmental conditions but also by internal or confounding factors (e.g., physiological stress). A large variability
of all the TE/Ca values of foraminifera growing at low pH is observed suggesting that 4. confertitesta (T6) may
struggle to calcify in these conditions. Thus, this study demonstrates the vulnerability of a resilient species to the
triple-stressor scenario in terms of survival, calcification, and trace element incorporation. Overall, the experimental
set-up yielded coherent results compared to previous studies in terms of ontogeny, trace elements ratios, and
partition coefficient making it advantageous for environmental reconstructions.

Keywords: Acidification, Warming, Deoxygenation, Foraminifera, Ammonia confertitesta (T6), Culture
Experiment, Trace elements.
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Svar fran foraminiferarten Ammonia confertitesta (T6) pa
havsforsurning, uppvarmning och syrebrist -

Ett experimentellt tillvagagangssatt

ELSA MULLER

Muller, E., 2023: Svar fran foraminiferarten Ammonia confertitesta (T6) pa havsférsurning, uppvarmning och
syrebrist - Ett experimentellt tillvigagéngssatt. Examensarbeten i geologi vid Lunds universitet, Nr. 667, 31 sid. 45
hp.

Sammanfattning: Havsforsurning, hogre temperaturer och utvidgningen av syrefattiga zoner i kustomraden &r
direkta konsekvenser av pagdende klimatforandringar tillsammans med &vrig minsklig paverkan. Hittills har
forstaelse av de kombinerade effekterna av dessa stressvariabler pd kalkskaliga marina mikroorganismer -
foraminiferer - varit underménliga. Min studie redovisar dverlevnaden hos foraminiferer samt geo-kemiska data
frén skalen hos levande, bottenlevande foraminiferer fran Gullmarsfjorden (Sverige) efter att ha utsatts for
uppvirmning, forsurning och syrefattiga forhédllanden. Vi har utfort ett stort experiment med tvad olika
temperaturer (in-situ 9 °C och 14 °C), tva olika syrgaskoncentrationer (syresatt jaimtemot syrefattigt) och tre olika
pH-vérden (en kontroll samt tva laga pH-varden baserade pa IPCC-scenarier fram till ar 2100, -0,4 och -0,6 pH-
enheter). Vi hade duplicerade akvarier for kontrollgruppen och for de tva lidgre pH nivéerna vid bada
temperaturerna. Foraminiferarten Ammonia confertitestas (T6) dverlevnad (via CTB-mérkning), skal-byggnad (via
calcein-mirkning) och geokemiska analyser (laser-ablation ICP-MS) undersoktes vid slutet av experimentperioden
(48 dagar). De sparelementforhdllanden som undersoktes var Mg/Ca, Mn/Ca, Ba/Ca och Sr/Ca. Experimentets
stabilitet i akvarierna sékerstélldes genom regelbunden métning av vattenvariablerna och bekréftades genom
statistisk analys. Resultaten visar att Ammonia confertitesta (T6) byggde kamrar under alla férhallanden férutom
den mest pafrestande (det vill sdga varmt, syrefattigt, lagt pH-vdrde). Mellan duplicerade prov kunde
overlevnadsgraden variera med upp till faktor tvd for samtliga férhéllanden, vilket tyder pa att foraminiferernas
reaktion inte bara paverkas av miljoforhallanden utan ocksa av interna eller samverkande faktorer (t.ex. fysiologisk
stress). En stor variation i TE/Ca-vérden observerades for foraminiferer som véxte vid lagt pH, vilket tyder pa att 4.
confertitesta (T6) har svért att bilda skal under sddana forhallanden. Sammantaget visade den experimentella
uppstillningen positiva resultat och samstdmmiga resultat vad géller ontogeni, spéarelementforhéllanden och
partitionskoefficienter, vilket gor den ldmplig for miljorekonstruktioner. Ytterligare geokemiska analyser kommer
att utforas for att forbéttra resultatens noggrannhet. hér testpublikationen skall visa hur ett examensarbete skall vara
disponerat samt vilka formatmall som skall anvéndas for de olika delarna.

Nyckelord: Marin forsurning, uppvirmning, syrebrist, foraminiferer, Ammonia confertitesta (T6), experiment,
geokemi, spardmnen.

Handledare: Helena L. Filipsson, Constance Choquel
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1 Introduction

Increases in anthropogenic activities lead to a
global rise in carbon dioxide emissions which has
severe consequences on coastal areas and marine
ecosystems. The rise in atmospheric pCO,
subsequently increases oceanic pCO, which in turn
decreases the oceanic pH and leads to ocean
acidification (OA) (Gattuso & Hansson 2011; Strong
et al., 2014). The global increase in temperature
induces stronger vertical stratification of the oceans
driven by intensified surface warming and reduced
vertical exchange of gas, heat, carbon, dissolved
oxygen, and nutrients between the surface and deep
water (Gruber, 2011; Li et al., 2020). Anthropogenic
activities and land use induce excessive nutrient
loading into coastal ecosystems which promotes algal
productivity and thus eutrophication (Valiela, 2009).
The microbial consumption of this organic matter
reduces the oxygen level and contributes to hypoxia
(Cloern, 2001; Heisler et al., 2008). The water
stratification ~and  eutrophication in  coastal
environments consequently favor bottom-water
deoxygenation (Keeling et al., 2010). When combined,
these effects lead to a triple-stressor situation (i.e.,
warming, acidification, and deoxygenation) previously
coupled with past mass extinctions (Bijma et al,
2013). These threats especially affect high latitudes
and sub-polar regions (IPCC 2022). Climate reports
(i.e.,, IPCC 2022) focus on understanding the
consequences of these threats on natural environments
by investigating several warming scenarios (e.g., +4
°C; +2 °C) and their direct effects. The main aim of
this study was to understand the severity of the
combined anthropogenically induced stressors on one
group of important calcifying marine organisms based
on the IPCC 2022 assessments.

Marine calcium carbonate-secreting
microorganisms, namely foraminifera, are one of the
most ubiquitous calcifying organisms in the oceans.
They play a significant role in the ocean's carbon
reservoir system which in turn is crucial in
atmospheric pCO, regulations (Siegenthaler &
Sarmiento, 1993). Furthermore, they act as
bioindicators of environmental changes because of
their extensive geographical distribution and rapid
growth (Murray, 2006), their dependency on biotic and
abiotic parameters, and their species-specific response
to environmental changes (De Rijk et al., 2000;
Schafer, 2000; Gooday et al., 2000; Annin, 2001;
Licari et al., 2003; Murray, 2006; Jorissen et al., 2007,
Milker et al., 2009). Furthermore, during shell
(referred to as test) calcification, foraminifera
incorporate chemical elements from the surrounding
seawater as trace elements making them excellent
recorders of ambient seawater conditions and powerful
tools in paleo-oceanographic studies (Lea et al., 1999).
Thus, the study of trace elements (TE) to Calcium (Ca)
ratios in foraminiferal tests offers valuable proxies for
elemental water composition (Emiliani, 1955; Delaney
et al., 1985; Boyle, 1988). In this study, the ratios of
interest are Mg/Ca, a well-known reconstruction tool
for seawater temperature, displaying a positive
correlation with increasing temperature (Dissard et al.,
2010a, b). Secondly, due to Manganese’s redox

sensitivity, the Mn/Ca ratio is considered a potential
geochemical proxy for bottom waters (BW) oxygen
concentrations (Groeneveld &  Filipsson, 2013;
Limburg & Casini, 2018; Schoéne et al., 2021) and
demonstrates a positive correlation with oxygen
depletion (Brinkmann et al.,, 2023). The Ba/Ca ratio
has recently been demonstrated as a reliable proxy for
past riverine discharge due to a decrease in near-
continent Barium concentration from river run-offs
during droughts events (Brinkmann et al., 2022).
Finally, Sr/Ca is known to be influenced by salinity,
temperature, seawater carbonate chemistry, and pH
(Mojtahid et al, 2023). Some studies link the
incorporation of Sr to increasing [CO5”], which in turn
is closely linked to increasing pH. (Dissard et al.,
2010a, b, Elderfield et al., 1996, Rosenthal et al.
2006). However, in those studies [COs>] positively
correlates with other environmental factors, making
the interpretation of Sr in foraminiferal calcite
challenging. Thus environmental changes directly
impact the water chemistry and consequently the
TE/Ca ratios in foraminiferal calcite. The carbonate
system parameters are in turn also impacted such as
the dissolved inorganic carbon (DIC; dissolved
carbonic dioxide + carbonic acid + bicarbonate +
carbonate ions = CO, aq + H,CO; + HCO; + CO;%),
calcium carbonate saturation state of seawater (Omega
Calcite Qc) and partial pressure of CO, (pCO,).
Understanding the severity and outcomes of
environmental changes on microorganisms'
geochemistry and  physiological behavior s
fundamental for supporting effective environmental
management strategies.

However, in natural environments, all stressors
are combined, and attributing their impacts on
foraminifera is challenging due to co-varying
parameters such as temperature, salinity, oxygen
concentration, or nutrient input (Hillebrand &
Matthiessen, 2009). Laboratory-based multiple
stressors studies allow the deconvolution of the
combined parameters controlling foraminiferal
response (Zeebe and Wolf-Gladrow, 2001; Bernhard et
al.,, 2021). This study was designed to culture sub-
polar benthic foraminifera under a decoupled (T, pH,
and O,) experimental design. The set-up was based on
the IPCC SSP3-7.0 (+4 °C) scenario which anticipated
a water warming of 2.9 + 1 °C, a pH level drop of -
0.35 pH units, and lowered O, concentration of -0.09 +
0.06 pumol L™ (potentially reaching the hypoxic
threshold of [0,] < 63 pmol L™'; Breitburg et al., 2018)
for the year 2100. We hypothesized that the
foraminiferal calcification would be affected by the
experimentally  assessed  conditions.  Survival
percentages, growth percentages, and TE/Ca ratios (for
Mn/Ca, Mg/Ca, Ba/Ca, and Sr/Ca) were investigated.
The species considered were typical fjords species
(Choquel et al., 2021) with a focus on the intertidal
species Ammonia T6 recently named Ammonia
confertitesta (Hayward et al., 2021). The genus
Ammonia sp. is commonly used in culturing
experiments (e.g., van Dijk et al., 2017; Mojtahid et
al., 2023) for acidification (Keul et al., 2013; Le Cadre
et al., 2003; Charrieau et al., 2018) warming (Dissard
et al.,, 2010a, b) and deoxygenation (Geslin et al.,
2014). This consequently offers a large comparable



database. To improve the monitoring of the set-up, the
experiment was performed at the Kristineberg Centre
for Marine Research and Innovation (Sweden) using
16 aquariums displayed in two thermoregulated rooms,
and at high, medium, and low pH. De-oxygenation
was also investigated at high and low pH.
Additionally, duplicate aquariums were set up to
ensure experimental consistency. Each duplicate
consisted of petri dishes with the same species placed
in separate aquariums, which displayed similar water
parameters. These were performed for high pH,
medium pH, and low pH conditions within each
experimental room but not for the low oxygen tanks.
The general objectives of the study were (1) to
test our experimental method and introduce the use of
duplicate aquariums. (2) To investigate the combined
effects of single, double, and triple stressors on
foraminifera’s survival and calcification. We were
interested in observing if there is a synergistic
response, meaning if the combined effect of multiple
stressors would be greater than the sum of their
individual effects. (Boyd et al., 2018). (3) To assess
the potential for environmental reconstruction through
ontogeny, which is defined by the changes in
metabolic rates during the foraminiferal life history
(ontogenetic effect) (Schumacher et al., 2010) (4)
Investigate the trace elements to calcium ratios for Mg,
Mn, Ba, and Sr incorporation. We hypothesized
changes in the temperature and oxygen-based proxies
(i.e., Mg and Mn to Ca ratios) and are interested in the

2 Material and Methods

2.1 Sites description and sampling
conditions

Foraminifera specimens were harvested alive
from their natural environment in Gullmar fjord
(Sweden) from two sites on the 20th of September
2022. The first site was the GF50 oxic station (average
water depth: 50 m) (Figure 1: blue diamond) located
within the mouth of the fjord (58°17'N, 11°31'E)
which hosts typical foraminifera species from fjord
environments (Choquel et al., 2021). The site was
reached using boat R/V Alice and sediments were
collected using a GEMAX twin barrel corer and a box
corer. Six undisturbed sediment cores, two core tops
(3cm), and two mud box tops were retrieved and kept
for the experiment. The hydrographic parameters
(temperature, salinity, oxygen, and fluorescence) were
recorded with a CTD multiparametric probe,
highlighting the oxic station hydrography. On the
sampling date, the bottom water temperature was 9 °C,
salinity was 34,2 psu and oxygen was [O;] ~4,1 ml/L
(Supplementary information (SI) 5; CTB profile).

The second sampling site is an intertidal
mudflat located in the harbor of town Fiskebackskil
(58°14'N, 11°27'E) and subjected to tidal changes
(Figure 1: red triangle). The mudflat was sampled at
low tide where the sediment surface was scraped off

influence of combined stressors on the TE with a spoon. On the day of the sampling, the water
incorporation. temperature was 11 °C and the salinity 27 psu.
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Fig. 1. A. Geographic location of Gullmar fjord. B. Map of Gullmar fjord and its studied station; blue diamond: GF50 oxic
station (50 m water depth); Red triangle: Intertidal station; Green star: Kristineberg Centre for Marine Research and Innovation;
dark circles: monitoring stations Sldggd (65 m water depth), Bjorkholmen (70 m water depth) and Alsbéck (117m). C.
Hydrographic and topographic parameters of the fjord. (Modified from Arneborg et al., 2004)



Total number of Introduction

Sampling sites  Selected species picked specimens date Authors
GF 50 Bulimina marginata ~1260 12/10/2022 Orbigny, 1826
Nonionellina labradorica ~420 12/10/2022 Dawson, 1860
Nonionella sp. T1 ~1400 12/10/2022 Deldicq, 2019
Intertidal Ammonia confertitesta (T6) ~742 12/10/2022 Hayward, 2021
~730 28/10/2022
Quinqueloculina ~647 12/10/2022 Orbigny, 1826;
~1200 28/10/2022

Table. 1. Harvested species, their sampling sites,

2.2 Foraminiferal sampling and labeling

2.2.1 Species of interest for culturing
experiments

The sediment cores were transported to the
Kristineberg Centre where the first 6cm were sliced
over a 2cm interval. All samples (GF50 and intertidal)
were gently sieved over nested set intervals of 100-150
mm and 125-250 mm with filtered deep-sea water to
dispose of macrofauna and organic pellets. Those
sieving sizes were chosen to keep juvenile specimens
that would be more likely to grow chambers during the
experimental period. The remaining matter was kept in
filtered seawater of ~9 °C to avoid harsh water
conditions changes. Live and dead foraminifera were
separated under a light stereomicroscope and live ones
were identified through the cytoplasmic coloring
common in all live foraminiferal species (e.g., Hallock
& others, 1986; Goldstein & Corliss, 1994;
Hohenegger & others, 1999). A total of five different
species were collected for the experiment from the
mudflat and GF50 sites and are presented in Table 1.
Our study will focus on the intertidal species Ammonia
confertitesta (T6) (Hayward et al., 2021) of which a
total of 1472 specimens were picked and distributed
between 16 aquariums as presented in Table 2. Before
insertion, specimens were put in petri dishes alongside
silica, to provide a substrate. The petri dishes were
then covered with a planktonic net (90 pm) and sealed
with rubber bands. A small hole was pierced to allow
weekly feeding with a micropipette of the algal
mixture of Dunaliella tertiolecta and Isochrysis
galbana (following Wilson-Finelli, 1998). The
numbers of foraminifera allowed the settlement of
duplicates (except for the Hypoxic normal pH and
Hypoxic low pH aquariums, see Figure 4:
“experimental set-up”). The experiment lasted around
two and a half months. The first foraminifera were
introduced on the 12th of October 2022 and a second
batch was added on the 28th of October 2022. The
experiment ended on the 24th of November 2022
allowing an experimental period of 43 days (1st batch)
and 28 days (2nd batch) (Table 1).

number of specimens, introduction date and authors.

2.2.2 Calcein and CellTracker Blue labelling

Prior to the experiment, specimens were
incubated (ca. 2-3weeks) in a 10 mgL-1 solution of
calcein (Bis [N, N-bis(carboxymethyl)aminomethyl]-
fluorescein) used to fluorescently label newly formed
chambers, following the protocol of Bernhard et al.
(2004). Briefly, chambers that calcified during the
calcein incubation period experience fluorescence
under epifluorescence microscopy (470 nm excitation)
as opposed to pre-existing calcite and post-calcein
calcite (non-fluorescent) (Figure 2). The newly formed
chambers were verified under an epifluorescence
microscope (LEICA MZFL) using the filter ebq 100
and treated with the software ZEN 3.1 (blue edition).
This method serves as a “starting point” for the
experiment and thus allows the identification of
chambers that calcified during the experimental
period.

After the experiment, live foraminifera were
labeled using the CellTracker Blue (CTB, 4-
chloromethyl-6,8-difluoro-7-hydroxycoumarin)
fluorogenic probe. Samples were incubated for ca. 24h
in CTB and ambient seawater (M = 246,59 g/mil; m=5
mg; 1 umol final concentration) at in sifu water
temperature (Bernhard et al., 2006). CellTracker Blue
(371/464 nm excitation) was used to avoid a
fluorescent conflict with the calcein tag as opposed to
the usually used CellTracker Green labeling method
(e.g., Bernhard et al.,, 2004). After incubation, the
labeled specimens were fixed with 96 % ethanol,
stored in tubes, and transported to Lund University
(Sweden) where they were stored in
micropaleontological cells under a light
stereomicroscope. CTB-label was verified at the BIAF
laboratory in  Angers (France) under an
epifluorescence  stereomicroscope  equipped  for
fluorescein detection (Olympus SZX13) using a DAPI
filter. Live specimens (blue cytoplasm to half blue
cytoplasm) from dead specimens (less than half blue
and no fluorescence) (Figure 3) were sorted and only
specimens considered alive at the end of the
experiment were kept for geochemical analyses.



At the end of the experiment, percentages for
Survival, Presence, Calcification, and Growth were
determined using the following expressions:

Survival percentage = (Number of alive specimens
at the end of the experiment*100)/ (number of
specimens at the start of the experiment)

Presence percentage = (Number of specimens
found at the end of experiment * 100)/ (number of
specimens at the start of the experiment)

Calcification percentage = (Number of specimens
that presented 1 or more newly formed chambers *
100)/ (number of specimens at the start of the
experiment)

Growth percentage (e.g., 1-2chambers) = (Number
of specimens that calcified 1-2 chambers*100)/ (Total
number of specimens that were alive + calcified at the

end of the experiment)

2.3 Experimental set-up and culturing at
the Kristineberg Centre for Marine
Research and Innovation

Two thermoregulated rooms were used at the
Kristineberg Centre for Marine Research and
Innovation. The experimental setup is summarized in
Figure 4. In each room, we set up aquariums in which
water temperatures naturally adjusted to the
surrounding air temperature. The first room was
designated as the “cold room” and was adjusted to the
average in situ bottom water temperature in the fjord
(~9 °C). The second room, named the “warm room”,
was adjusted to in situ temperature +5 ‘C (~14 °C).
Aquariums in each room display, control (normal pH
8, oxic), medium pH (pH 7.6, oxic), and low pH (pH
7.4, oxic), reached through CO, and air bubbling.
Furthermore, we investi;%ated hypoxic high-pH (pH
8.0, [Oz] < 63 pumol L) reached through nitrogen
bubbling, and combined effects of hypoxic + low-pH
(pH 7.4, [0,] < 63 pumol L™), reached through nitrogen
and CO, bubbling. The investigated pH and
temperature values were corrected to adjust to the
seasonal variations recorded in the fjord (Average

(404 '

NeWIy formed chambers

Fig. 2. A. New chambers on Ammonia confertitesta after calcein incubation, made visible under an epifluorescence microscope.

B. Normal light photo of the same specimens.

A

Fig. 3. A. Ammonia confertitesta under epifluorescence stereomicroscope made visible by CellTracker Blue fluorescent probe
when alive. B. Normal live photo of the same specimen. Dead specimens in the lower part show almost no blue fluorescence of

their cytoplasm.



T9°C

Air + CO, bubbling

A. Control pH (pH 8.0), oxic B. Medium pH (pH 7.6), oxic C. Low pH (pH 7.4), oxic
+ duplicate + duplicate + duplicate

Nitrogen bubbling] CO, + Nitrogen bubbling

D. Hypoxic high-pH (pH 8.0), E. Hypoxic low-pH (pH 7.4),
[O2] <63 pmol L™ [O2] <63 pmol L
T14 °C
_ : Air + CO
Air bubbling Air + CO, bubblin ubblin

A. Control pH (pH 8.0), oxic B. Medium pH (pH 7.6), oxic C. Low pH (pH 7.4), oxic
+ duplicate + duplicate + duplicate

Nitrogen bubbling] ICO; + Nitrogen bubbling]

D. Hypoxic high-pH (pH 8.0), E. Hypoxic low-pH (pH 7.4),
[02z] <63 pmol L [O2] <63 pmol L

Bulimina marginata Nonionella sp. T1

Quingqueloculina
Nonionellina labradorica

Ammonia confertitesta (T6)

Fig. 4. Upper panel “Cold Room” T9 °C displaying aquariums A. Control pH, oxic + duplicate; B. Medium pH, oxic +
duplicate; C. Low pH, oxic + duplicate; D. Hypoxic high pH [O,] <63 mmol, no duplicate; E. Hypoxic low pH, [O,] < 63 mmol
L™, no duplicate. Lower pannel “Warm Room” T14 °C displaying aquariums A. Control pH, oxic + duplicate; B. Medium pH,
oxic + duplicate; C. Low pH, oxic + duplicate; D. Hypoxic high pH, [0,] < 63 mmol L™, no duplicate; E. Hypoxic low pH, [O2]
<63mmol L', no duplicate. Foraminiferal species introduced in the aquariums are summarized below the figure and in Table 1.
The rest of the study focuses on Ammonia confertitesta (T6) highlighted in red.
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pHT: 8.04 pH units (February) to 8.17 pH units
(March), monthly pH variation: from 0.34 (January) to
0.89 (March) pH units; Average temperature: 3.1 °C
(March) to 15.6 °C (September), monthly variation of
ca. 3.0 °C) (Dorey et al., 2013). Thus, to account for
the in situ variations experienced by foraminifera in
their natural environment, we opted to explore
different pH levels that would exhibit a significant
deviation from the existing variations found in-situ.
Duplicate aquariums were conducted for the control,
the medium, and the low pH conditions in both
temperatures (Figure 3: darker boxes). The duplicate
digits will be indicated next to the aquarium’s name in
the manuscript as follows: (-1) indicating the first
aquarium and (-2) indicating the duplicate for the first
aquarium. Water chemistry was stabilized during a 2-
week pre-test phase to optimize the geochemistry and
checked regularly during the experiment (pH, [O,],
salinity, total alkalinity) except for the hypoxic-low
pH warm and cold aquariums. To limit evaporation
and the influence of atmospheric CO, in low pH
conditions as well as oxygen contamination of the
hypoxic aquariums, tanks were covered with plastic
films. Measurements for pH units were obtained
through the NBS method (SI analytics, pH standard for
freshwater). To allow comparison with salty water (pH
total-scale) a correction of minus 0.11 (pH total-scale
= pH NBS - 0.11; Dorey et al., 2013) was applied to
all measurements. All water parameters for pH NBS,
pH total scale, salinity, water temperature (T°), and
Total Alkalinity (TA = HCO; + CO5Y) are transcribed
in Annex | and were transferred to the software
Rstudio (version 2022.12.0 + 353) with the seacarb
library to deduce pCO,, DIC and, Omega calcite (Qc).

2.4 Foraminiferal geochemical analyses

2.4.1 Cleaning procedures

Foraminifera with newly formed chambers (i.e.,
chambers formed after the calcein-labeled ones) and
alive (i.e., CTB-label) at the end of the experiment
were selected from the aquariums for geochemical
analyses. Laser ablation (LA-ICP-MS) analyses on
newly formed chambers were carried out at the
Department of Geology, Lund University (Sweden).
The cleaning procedure by Brinkman et al. 2022 and
references therein were adopted for the experiment.
Selected specimens were put in glass vials half filled
with NaOCl (5 %) and placed under a vacuum for ca.
1.5 hours. The bleaching process removed organic
material and cytoplasm which is required for laser
ablation analysis. Samples were then centrifuged at
low speed (500tour/minutes) for ca. 2 hours at room
temperature. Followed by a quintuple rinse with Milli-
Q (Milli-Q Integral, EMD Millipore Corporation,
Billerica, MA, USA) and dried at room temperature
for 2 days. Foraminifera were then aligned on a
double-face tape for the laser ablation.

2.4.2 Analytical procedures

LA-MS-ICP analyses were conducted with a

12

Bruker Aurora Elite (quadrupole) and a 193nm Cetac
Analyte G2 excimer laser installed with a two-volume
HelEx2 samsple cell. The abundance of isotoge masses
7TAlL #Ca, **Mn, **Mg, *Zn, Z*U '**Ba and "*"Ba were
acquired at SHz (i.e., laser shots per second) and used
to calculate elemental concentrations. Laser ablation
was conducted in manual mode at an energy density of
1 Jem™. Primary standard NIST610 and secondary
standards, NIST612, MACS- 3 (MicroAnalytical Car-
bonate Standard, United States Geological Survey,
2012; Jochum et al.,, 2012), and JCt-1 and JCp-1
(AIST Japan calcium carbonate pellets), were run at
the beginning and end of each session. Standards
NIST610, MACS-3, and JCp-1 were additionally run
after every 10 sample spots, and elemental baseline
levels analysis was measured for at least 30 s before
each spot. All operating parameters are summarized in
SI 1. Calcium was used as an internal standard because
its concentration is constant at 40wt% in all foraminif-
eral tests and allows comparisons with trace elements
to Ca ratios from wet-chemistry studies (Dissard et al.,
2010a). Therefore, the final (n), penultimate (n/), ante-
penultimate (n2) and (n3) were ablated from outer to
inner shell. Because of miscellaneous chamber sizes, a
small spot size (40x50 um) was chosen, kept constant
during individual sessions, and applied to all samples
and standards (SI1). Geochemical (LA-ICP-MS) anal-
yses were conducted on 42 A. confertitesta (T6)
(Calcein + CTB label) specimens on a total of 60 new-
ly formed chambers (Table 2). Laser ablation was per-
formed on the last four chambers (a total of 189 abla-
tion profiles). Only the profiles conducted on the
chambers that calcified during the experimental period
and which were above LOD (Limit of Detection =
baseline signal + 3.3 x s; s= standard deviation of
background signal) were considered for the results
(Total number of ablation profiles for Mg/Ca: 57; Mn/
Ca: 56; Ba/Ca: 59; Sr/Ca: 60).

2.4.3 Benthic foraminifera Data processing

After LA-MS-ICP analysis, the raw counts
were converted to elemental concentration in ppm us-
ing the software package Igor Pro 6.37 with Iolite v3.5
(Paton et al., 2011). The software displays a signal for
elemental baselines, standards, and sample spots for
each trace element profile. The signal integration pro-
files were manually determined based on the **Ca con-
stant counts. Enriched signals of *Mn, *’Al, or *Zn at
the beginning or end of intervals (respectively corre-
sponding to the outer and inner wall of the shell) were
excluded to disregard secondary coating and/or con-
tamination. Trace element ratios (TE/Ca) were calcu-
lated based on the average calcium concentration used
for the ablation method and converted to mmol/mol.
The calculation was based on the assumption of TEs
being bound as carbonates (with an assumed 40wt%
Ca in a CaCO; matrix) and normalized to calcium. A
total of 189 ablation profiles were performed on cham-
bers n, nl, n2, and n3 of A. confertitesta (T6). After
data reduction, we applied a 95% confidence limit to
remove outliers, excluded ablation signals with possi-



ble contamination (i.e., Al/Ca > 0.4 mmol/mol™ Wit et
al., 2010; Mn/Ca>100 pm /mol™) and profiles where
the element of interest is lower than the limit of detec-
tion (LOD). Our ablation profiles resulted in extremely
low Al counts, indicating no Aluminum contamina-
tion.

2.4.4 Statistical analyses

To compare the stability and the differences in
the water parameters between duplicates and experi-
mental conditions, the data for normality (Shapiro-
Wilk's test) was tested. Because a normal distribution
was not observed for all water parameters, a pairwise
comparison with the Kruskal Wallis test (i.e., a non-
parametric test) was performed. The significant level
for all tests was p-value < 0.05. A PERMANOVA test
was performed for the comparison of TE/Ca ratios in
regard to independent water parameters (water temper-
ature, pH, and [O,]) and combined (pH*T, pH*[O,]).
These tests were performed using software R (version
2022.12.0).

Furthermore, partitioning coefficients (D) for
trace elements (TE) Mg, Mn, Ba, and Sr, representing
the elemental distribution, were calculated for each set
of experimental conditions according to the following
expression:

DTE = (TE/Ca) calcitc/ (TE/Ca) seawater

The partition coefficient is a measure of how strongly
foraminifers fractionate against or remove a certain
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element while precipitating the calcium carbonate to
build their test. (DTE = 1: element incorporation at the
same ratio as calcium in seawater; DTE < 1: element
fractionate against; DTE > 1: more elements are incor-
porated compared to relative abundance seawater
[Ca®]) (Mewes et al., 2015). Boyle (1981) states that
if partition coefficient behavior demonstrates control
over trace element chemistry, then trace elements can
be used as proxies for ocean/water chemistry.

3 Results
3.1 Stability of the experiment

All aquarium’s water parameters (pH, salinity,
water temperature) were recorded regularly and were
plotted over the experimental period in Figure 5. Total
alkalinity was measured twice a week and represented
by points in Figure 5a. DIC, Omega calcite (c), and
pCO, average values are presented in SI3. In the cold
room, the water temperature of all aquariums
combined, stabilized around 8.8 = 0.7 °C, salinity 34 +
1.2 psu, and alkalinity 2392.5 + 21 pmol kg-1 SW
(S13). pH values in Control pH stabilized at 7.95 +
0.04, Medium pH at 7.59 £+ 0.02, and Low pH at 7.40
+ 0.02. The Hypoxic control-pH aquarium stabilized
around pH 7.90 £ 0.05 and [O,] = 52.06 + 11.70 pmol
L' and the Hypoxic low-pH stabilized around pH 7.44
+ 0.16 and [O,] = 42 £ 8.5 pmol L™ (see SI3). In the
warm room, the water temperature of all aquariums
combined, stabilized at 13.7 £ 0.9 °C, salinity at 34 +
1.2 psu, and alkalinity at 2391.2 + 22 pumol kg' SW
(S13). pH values at Control pH stabilized at 7.98 +
0.04, Medium pH at 7.60 £+ 0.02, and Low pH at 7.40
+ 0.02. The Hypoxic control-pH aquarium stabilized
around pH 7.89 £+ 0.03 and [O;] = 54.87 = 6.36 umol L
"and the Hypoxic low-pH stabilized around pH 7.43 +
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Fig. 4. Water parameters stability over the experimental period from October to November 2022. Left uppermost panel (a):
alkalinity. Left lowermost panel (b): pH values for control conditions, pH7.6 and pH 7.4. Yellow and purple lines are the
hypoxic low-pH aquariums that display the large variation. Right uppermost panel (c): Salinity (psu). Right lowermost panel
(d): Water temperature (°C), oranges lines are aquariums from the T14 °C room, blue line from the T9 °C room.



0.06 and [0,] = 45.7 £ 5.5 umol L. (SI3). The
experimental conditions were stable in each aquarium
because no statistical differences (Shapiro-Wilk's test)
were found for water temperature (p-values > 0.05),
salinity (p-values > 0.05), and alkalinity (p-values >
0.05). However, the hypoxic aquariums at both
temperatures displayed lower salinity. This can be
attributed to the fact that these aquariums were
established later compared to the previous ones or had
their water replaced once per week with seawater from
the fjord, which experiences a gradual decline in
salinity during the winter season. Regarding the pH
measurements, we found no statistical difference (p-
value > 0.05) between the duplicate aquariums for
Control pH cold, Medium pH cold, Low pH cold, and
Control pH warm, Medium pH warm, and Low pH
warm. A statistical difference was found between
conditions for pairwise comparison (Kruskal Wallis
test ) between Controls against Medium pH (p-values
< 0.05), Controls against Low pH (p-values < 0.05),
and Medium pH against Low pH (p-values < 0.05).
The Hypoxic-low pH warm and cold aquariums
(Figure 5b: purple and yellow lines) pH-values only
presented a statistical difference with Controls-pH (p-
values < 0.05), but not Medium-pH and Low-pH
aquariums. The difficulty of managing the coupled gas
bubbling of Nitrogen (for hypoxia) and pCO, (for low-
pH) explains the large variations at the start of the
experiment (Figure 5b, purple and yellow lines).

3.2 Survival, presence, and calcification
percentages

A total of 372 A. confertitesta (T6) specimens
survived the experiment, all conditions combined,
which is an overall 25 % survival percentage (start:
1472 specimens; Table 2).

Percentages for survival, presence, and calcification
are presented in Figure 6. We found more than 40 %
of the specimens for most conditions (indicated by
presence percentages) at the end of the experiment
(Figure 6). The lowest presence percentages were
observed
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Conditions Number of Live forams Number of Kept Number of
forams end of Calcified specimens calcified
start of experiment specimens for chambers
experiment LA_ICP- (LA-ICP-

MS MS)

Control cold (1) 53 13 3 2 3

Control cold (2) 53 6 0

pH7.6cold (1) 106 38 16 7 11

pH7.6cold (2) 106 17 1

pH7.4cold(l) 106 16 9 10 10

pH7.4cold (2) 106 51 24

hypoxic 8 cold 106 43 6 3 4

hypoxic 7 cold 100 34 2 1 1

Control warm (1) 53 5 2 2 4

Control warm (2) 53 8 3

pH 7.6 warm (1) 106 32 17 10 17

pH 7.6 warm (2) 106 24 22

pH 7.4 warm (1) 106 21 7 5 3

pH 7.4 warm (2) 106 16 )

hypoxic 8§ warm 106 47 11 2 4

hypoxic 7 warm 100 18 0 0 0

Total 1472 389 128 42 60

Table. 2. Harvested Distribution of the specimens per condi-
tions, number of specimens that survived at the end of the
experiment, number of specimens that calcified and speci-
mens kept for further Laser ablation analysis.

for Low pH-1 cold (35 %) and Hypoxic low pH warm
(42 %). Contrarywise, the highest presence
percentages were observed for Low pH-2 cold (i.e., 85
%) as well as for both Hypoxic high-pH cold and
warm (respectively 91 % and 83 9%). Presence
percentages serve as an informative indicator of
potential foraminiferal loss during the experimental
period through the complete dissolution of their tests.
Subsequently, a low presence percentage indicates a
high number of specimens that completely decalcified.
At least 20 % of the specimens survived in most
conditions. Survival percentages (Figure 6, green)
were the highest for Low pH-2 cold (48 %) and
Hypoxic high-pH warm (i.e., 59 %). Conversely, the
lowest survival percentages were recorded for Control-
2 cold and Control-1 warm (respectively 11 % and 9
%) (Figure 6). We considered calcification percentages
as specimens that calcified at least one chamber in the

[ Survival percentages
[ ] Presence percentages
[ ] Calcification percentages
To°C

. Jmac

Fig. 6. Survival (green), Presence (purple) and Calcification (yellow) percentages at the end of the experiment per conditions.

The duplicate is indicated in brackets.
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experimentally assessed conditions (Figure 6, yellow
bar). Foraminifera added new chambers in almost all
conditions except for Control-2 cold and Hypoxic low-
pH warm, which is the most severe combination of
stressors. The highest calcification percentages were
recorded for Low pH-2 cold (24 %) and Medium pH-2
warm (22 %) while the lowest calcification
percentages occurred in Low pH-2 cold (1 %) and
Hypoxic low-pH cold (2 %) (Figure 6). Meaning from
one duplicate to another, survival, presence, and
calcification percentages vary by sometimes a factor of
2. Finally, we did not observe any reproduction or
juvenile individuals.

Growth percentages were investigated and
presented in Figure 7 only considering alive and
calcified specimens at the end of the experiment
(Table 2: Total number of calcified Specimens). Due
to a limited number of foraminifera, specimens from
each condition and their respective duplicate were
regrouped for this section, which was possible because
of stable water parameters between duplicates (i.e.,
section 3.1 Stability of the experiment). Here are
described the percentages of specimens that grew 1-2
chambers against the ones that grew 3-4 chambers,
normalized to 100 %. At T9 °C, chambers that grew in
Medium pH and Low pH conditions showed a higher
percentage of specimens that grew 3-4 new chambers
compared to the Control and both Hypoxic conditions.
However, at T14 °C there was a higher percentage of
specimens that calcified 3-4 chambers in Control and
Hypoxic high-pH aquariums with the latter displaying
the highest growth percentage (57% of 3-4 newly
formed chambers). The lowest growth percentages are
recorded for Control cold and Hypoxic low-pH cold
conditions (Figure 7). However, it is important to note
that in the Hypoxic low-pH conditions, only a single
surviving specimen remained at the end of the

[ ] % of specimens that calcified 1-2 chambers
[ % of specimens that calcified 3-4 chambers
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Fig. 7. Growth percentages, only considering alive and
calcified specimens, number of data point indicated above
the bar charts, temperature indicated by pattern. Condition
and their duplicate are regrouped. conditions. The duplicate
is indicated in brackets.

experimental period. This limited number of
specimens diminishes the representativeness of the
results in this particular condition. There was no
specimen considered for the most severe combination
of stressors (Hypoxic low pH warm), as no
calcification was observed for this condition. A
summary of the most interesting results is presented in
S16.

3.3 Foraminifera TE/Ca relationship
3.3.1 Intraspecific variability in TE/Ca ratios
between chamber stages

Due to the absence of reproduction, the
ontogenetic effects based on chamber stages were
evaluated. To do so, the TE to Ca ratios were
considered (for elements Mg, Mn, Sr, and Ba) of
successive chambers from single specimens (Barras et
al., 2018). Figure 8 presents the box plots of TE/Ca
ratios (Mg/Ca, Mn/Ca, Ba/Ca, and Sr/Ca) for all
experimental conditions and duplicates regrouped. We
observed variability for elements Mg, Mn, and Ba
(Figure 8 a, b, ¢) but no significant differences
between chamber stages for the ratios Mg/Ca (p-value
> 0.05), Mn/Ca (p-value > 0.05), Ba/Ca (p-value >
0.05) and Sr/Ca (p-value > 0.05). This suggested the
absence of ontogenetic effects for all ratios.
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Fig. 8. Box and whisker plot of A. confertitesta (T6) onto-
genetic effect for (a): Mg/Ca (mmol/mol), (b): Mn/Ca
(umol/mol), (c): Ba/Ca (umol/mol), (d): Sr/Ca (mmol/mol).
Outliers are indicated by dark dots and the number of data
points is indicated above the box plots. Considering the
final (n), penultimate (nl), and antepenultimate (n2) cham-
bers of specimens which calcified under the experimentally
assessed conditions.



3.3.2 Foraminiferal TE/Ca relationship to
ambient water parameters

Here is described the TE/Ca variability in
regard to water temperature and pH parameters and are
presented in Figure 9. The average values at T9 °C
were 1.62 + 1.07 mmol/mol for Mg/Ca, 5.17 + 3.91
pmol/mol for Mn/Ca, 2.82 + 1.98 umol/mol for Ba/Ca
and 1.22 + 0.35 mmol/mol for Sr/Ca. At T14 °C the
average values were 1.63 = 1.38 mmol/mol, 4.02 +
3.83 umol/mol for Mn/Ca, 2.46 + 1.34 umol/mol for
Ba/Ca, and 1.34 + 0.27 mmol/mol for Sr/Ca.

However, for almost all ratios (Mg/Ca, Mn/Ca,
and Ba/Ca) foraminifera from the Low pH conditions
displayed the highest variability at both temperatures.
At T9 °C and Low pH, Mg/Ca, Mn/Ca, and Ba/Ca
ranged between 0.70 and 4.30 mmol/mol; 1.67 and
15.39 umol/mol; 1.28 and 6.46 pmol/mol respectively
(Figure 8a, b, c; SI4). One odd Mn/Ca (Hypoxic low-
pH cold) value was deleted from the calculations,
indicated in orange in SI4. At T14 °C and Low pH,
Mg/Ca, Mn/Ca, and Ba/Ca ranged between 0.80 and
7.50 mmol/mol; 4.12 and 21.16 pmol/mol; 1.80 and
6.92 respectively (Figure 8a, b, c; SI4). At this
temperature, the highest values from all three ratios
corresponded to the same laser ablation profile (i.e.,
the same chamber from the same foraminifera). Only
Sr/Ca showed a general uniformity in its ratios with
values ranging between 1.06 and 1.38 mmol/mol
except for three very low data points, one at Medium
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pH warm (0.033 mmol/mol) and two at Hypoxic high-
pH cold (0.03 and 0.024 mmol/mol) (Figure 9c, SI4).
Lower values were observed for foraminifera growing
in oxygen-depleted environments at T9 °C for Mg/Ca
and Mn/Ca (ranging from 0.054 to 1.77 mmol/mol and
from 0.12 to 4.03 pmol/mol respectively) compared to
their average values at that temperature (respectively
1.62 mmol/mol and 5.17 pumol/mol) (Figure 9a, b).
Finally, the Ba/Ca values for the foraminifera in cold
oxygen-depleted conditions presented a high
variability ranging between 0.17 and 9.48 pmol/mol
(Figure 8c, SI4), compared to the other ratios but no
statistical differences were found regarding oxygen (p-
values > 0.05). A statistical test was performed for
comparison of TE/Ca ratios regarding all independent
water parameters (water temperature, pH, and [O;]) as
well as combined (pH*T, pH*[O,]) and found no
significant differences for trace elements ratios Mg/Ca
(p-values > 0.05), Mn/Ca (p-values > 0.05), Ba/Ca (p-
values > 0.05). Only a statistical significance was
found for Sr/Ca in oxygen-depleted conditions (p-
value = 0.042; SI2) but no other water parameters (p-
values > 0.05). A summary of the most interesting
results is presented in SI6.

3.3.3 Partitioning coefficient

Partition coefficient behavior has been
recognized to govern the trace element chemistry of
the foraminiferal test (Boyle, 1981) and is closely
linked to seawater chemistry. Average values for each
ratio, all aquaria combined were Dba = 0.56 + 0.34;
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Fig. 9. Scatter plot of TE/Ca ratios against temperature and pH for (a): Mg/Ca (mmol/mol), (b): Mn/Ca (umol/mol), (c): Ba/Ca
(umol/mol), (d): Sr/Ca (mmol/mol). Low oxygen conditions are indicated with a square shape and mean values with red dots.
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DMn = 2.63 + 1.89; DMg = 0.00028 + 0.0002; DSr =
0.171 £ 0.041. Almost all partition coefficients are D <
1 (except for Mn/Ca) indicating that elements are
fractionated against their relative abundance with
respect to [Ca’’]. DMg > 1, indicates that it
fractionates relatively more than its abundance in
seawater. All the TE partitioning coefficient values are
presented in SI4. Statistical analyses showed no
significant  differences between the partition
coefficients and specific water parameters for DMg (p-
value > 0.05), DMn (p-value > 0.05), Dba (p-value >
0.05), and DSr (p-value > 0.05).

4
4.1

Discussion

Experimental set-up

Culturing experiments of microorganisms is
challenging to achieve due to the difficulty of
maintaining stable water conditions throughout the
entire experimental period. To our knowledge,
previous studies on culturing foraminifera have used
pseudo-duplicates, meaning different petri dishes with
the same species in one aquarium (e.g., Mojtahid et al.,
2023). This study however investigated the use of true
duplicates, meaning petri dishes with the same species
in different aquariums that displayed the same water
parameters. This involved the management of more
aquariums, and ensuring their stability can be
challenging. The number of investigated variables
(i.e., pH, temperature, [O,]), and specimens (total of
1472 specimens) made the experiment time-
consuming but offered many comparable data.
Additionally, our targeted pH and O, levels were
reached through the injection of gas mixtures, and
their pressure was adapted every day to reach the
targeted values, which is also a challenging task. Thus,
many parameters can affect foraminiferal culture (e.g.,
temperature, salinity, or carbonate chemistry) that our
experiment successfully managed to control. Each
condition and duplicate displayed statistically stable
water parameters throughout the entire experimental
period. The targeted pH levels were also managed
properly, indicated by the pairwise comparison, which
showed significant differences between each targeted
pH value. However, the combination of stressors
(Hypoxic low-pH) was more difficult to manage
resulting in large variability of the measurements at
the start of the experiment. The observed variations
were thus due to the difficulty of managing the
combination of gas bubbling and hermetic coverage.
Overall, we are confident that our experimental setup
was well-managed and produced coherent results.

4.2 Foraminiferal response

This study was conducted on the species
Ammonia confertitesta (T6) which is part of the
morpho-group Ammonia tepida and usually occurs in
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intertidal mudflats (Hayward et al., 2021). We
assumed that studies on Ammonia sp. or Ammonia
tepida are comparable with our investigated species.
Ammonia is a genus well studied in culturing
experiments (e.g., Geslin et al., 2014; Dissard et al.,
2010a, b; Mojtahid et al., 2023) and offers a large
comparable database. Ammonia confertitesta (T6)
specimens survived in all the experimental conditions.
It was previously shown that shallow-water or paralic
species (i.e., Ammonia (T6)) display strong adaptative
characteristics to laboratory cultures (e.g., Raitzsch et
al., 2010; Duenas-Bohorquez et al., 2011b; van Dijk et
al., 2019; Geerken et al., 2022; Mojtehid et al., 2023).
This is due to their in-situ exposure to stressful and
variable conditions such as salinity, temperature, or
even pollution in anthropogenically exposed
environments (Bradshaw, 1961, Murray et al., 2006,
Pascal et al., 2008, Geslin et al., 2014). Specimens
cultured in Controls aquariums, which were designed
to reproduce the fjord’s in-situ water parameters
(control-pH and oxic), were expected to display higher
survival percentages. Conversely, the highest survival
was recorded for specimens cultured in low pH, warm
or oxygen-depleted conditions. Presence percentages
are a possible indicator of complete test dissolution
during the experiment were also higher for
foraminifera growing in stressful conditions (low pH
and oxygen-depleted) and lower for control conditions.
Finally, 4. confertitesta (T6) calcified new chambers
in almost all the experimental conditions and presented
the highest calcification percentages for the low and
medium-pH aquariums. This is in line with previous
studies showing that Ammonia tepida can calcify and
add newly formed chambers under laboratory
conditions (e.g., Bradshaw 1957, 1961; Goldstein &
Moodley 1993; Stouff et al., 1999; de Nooijer et al.,
2009). Only the most severe combination of stressors
(i.e., warm, hypoxic, low pH) presented no
calcification as well as low presence percentages.
Thus, the study confirms the adaptive nature of A.
confertitesta in withstanding challenging conditions,
as evidenced by the specimens' ability to both calcify
and survive when exposed to one or two stressors.
However, their inability to thrive under the combined
triple stressor situation (T14 °C, low pH, and low
oxygen) suggests that a tolerance threshold may have
been reached in this specific scenario.

Conversely, we observed that the survival rate
for A. confertitesta (T6) varied by a factor of two
between duplicates from the same environmental
conditions, although water parameters showed stability
throughout the entire experimental period. This
denotes that foraminiferal responses vary extensively
between aquariums and their duplicates and suggests
that survival, calcification, and presence percentages
are not only dependent on environmental conditions
but also internal (e.g., physiological, metabolism) or
confounding factors (e.g., nutrient availability,
contamination). Confounding factors can be genetic
variability, nutrient availability, or contamination from
bacteria or algae and are not to be dismissed (Boyd &
Hutchins, 2012; Boyd et al., 2018). They can be
minimized with an improved experimental setup. In
this study, additional parameters (DIC, Qc, pCO,)



were calculated using a software, whereas previous
studies' experimental setup involved the daily
measurement of those parameters (Mojtahid et al.,
2023) (except Qc deduced). This would allow greater
control of the aquarium's carbon chemistry or potential
confounding factors. Furthermore, Mojtahid et al.
(2023) noticed the formation of microenvironments
when using planktonic nets which is also a possible
scenario in this study. These could favor potential
bacteria or algae contamination and make the
management of nutrient availability -challenging.
Comparing these results is challenging because to our
knowledge previous culturing studies never performed
duplicate aquariums.

Furthermore, we investigated the growth
percentages by regrouping foraminifera from each
condition with their corresponding duplicate and
considering them as originating from the same
aquarium. Results showed that growth did not seem
negatively impacted by the stressors and presented the
highest growth percentages in low oxygen + warm
conditions. However, deriving a conclusion from these
results is challenging, as we showed that foraminiferal
response varies between each condition and its
corresponding duplicate. This also highlights questions
about the accuracy of previous foraminiferal studies
and the use of pseudo-replicates. Further perspectives
could involve the use of triplicates, a common method
in biological studies.

4.3 Environmental effects

To understand the effects of warming only the
control aquariums (Control-pH and oxic) results were
considered in order to avoid the combined influence of
other stressors. No warming-related negative effects
regarding survival or presence percentages was
observed. In terms of calcification, both controls
displayed calcification (around 20 % of specimens that
calcified), however in warm aquariums specimens
calcified more chambers than in cold ones, indicated
by a higher growth percentage. This is in line with
previous findings by Dissard et al. (2010a, b) on
Ammonia tepida, which obtained calcification in warm
environments. They however denoted an overall
decrease in shell weight, a feature that wasn’t
investigated in this study but offers future perspective
in low-pH experimental studies.

Studies on ocean acidification (OA) generally
exhibit a negative response of A. tepida and A.
confertitesta  through the decrease in growth
percentage or trough mortality (Dissard et al., 2010a;
Haynert et al., 2011; Prazeres et al., 2015; Guaman-
Guevara et al., 2019; Oron et al., 2020). Thus, we
expected a negative foraminiferal response of A.
confertitesta (T6) in low-pH environments in terms of
growth and survival. Furthermore, the impact of
acidification and lowered pH on calcifying organisms
follows a logarithmic trend. When the calcium
carbonate saturation state (Qc) falls below 1,
calcifying organisms are likely to experience
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dissolution of their tests (Morse and Arvidson, 2002).
In our case, this threshold was reached for low-pH
conditions at both temperatures (SI3). However,
acidification did not seem to have a greater impact on
the survival, presence, or calcification percentages
than in the control pH level conditions. This was also
reported for growth percentages which presented high
values at low pH. Additionally, the presence
percentages, another possible indicator of dissolution
of the test during the experiment, were higher in low
pH environments and lower for control conditions.
This could either be explained by high foraminiferal
loss during the culturing experiment in the other
aquariums or that A4. confertitesta (T6) showed a
greater adaptive response to low pH conditions. The
latter explanation aligns with studies on Ammonia sp.
that suggests species robustness in low pH
environments because of a strong organismal control
over biomineralization during calcification as they
reduce their surrounding pH during chamber formation
(Glas et al., 2012; Toyofuku et al., 2017; Kawahata et
al., 2019; Mojtehid et al., 2023). On the other hand,
this could also be due to the settlement micro-
environments from using a planktonic net, as
previously reported by Mojtehid et al. (2023).

Finally, Ammonia sp. has been considered a
resistant species in oxygen-depleted conditions
because of its occurrence in naturally anoxic
environments (Moodley & Hess 1992, Frankel 1975;
Buzas 1977; Kitazato 1994; Crosera et al., 2007b).
Thus, we expected species robustness to the oxygen-
depleted conditions but not for the combination of
hypoxia and low pH. Calcification and survival
percentages did not seem affected in Hypoxic (normal
pH) environments. The highest presence, survival, and
calcification percentages all occur for the Hypoxic-
high pH warm condition. Geslin et al. (2014)
investigated the effects of Hypoxia on survival and
growth rate in a culturing experiment, through the
observation of additional newly formed chambers.
While their results only show a high percentage for 1-2
newly formed chambers, our study shows the highest
percentages for 2-3 newly formed chambers at warm
temperatures (58%). On the other hand, the
combination of stressors (Hypoxic low pH, cold)
displayed a very low calcification and growth
percentage, and the most severe combination (Hypoxic
low pH, warm) presented no calcification probably
indicating a negative synergetic effect of low pH, low
oxygen concentration and warm temperatures. As
mentioned previously this combination of stressors
seems to be the most challenging for 4. confertitesta
indicating that we may have reached the species
tolerance threshold. However, one of the Control cold
aquariums also displays no calcification, even though
its duplicate has a high calcification percentage. Since
we did not perform duplicates for the Hypoxic low pH
(warm and cold) conditions, it is challenging to
associate the foraminiferal response to the
combination of stressors or to internal effects.

4.4 Trace elements



Trace element incorporation into foraminiferal
calcite is known to be largely influenced by ambient
environmental parameters present during calcification
(Lea., 1999). The involvement of biological effects
(growth and metabolic rates) drives intra and inter-
specimen  substantial variability of the TE
incorporations known as ontogenetic effect (Elderfield
et al., 2002; Anand & Elderfield, 2005; Hintz et al.,
2006a, b; Sadekov et al., 2008; Freitas et al., 20006).
However, this study showed an absence of ontogenetic
trends in all TE/Ca ratios suggesting no intraspecific
variability and making it advantageous for
environmental reconstructions. In the following
paragraphs, each ratio will be discussed and compared
with previous similar studies.

The Mg/Ca values are coherent with previous
culturing experiments of A. tepida at similar salinity
(32-35 psu) and inorganic carbon chemistry (pH ~8.1)
which display ranging between 0.5 mmol/mol and 3
mmol/mol (Raitzsch et al., 2010; Dissard et al., 2010a,
b; Duenas-Bohorquez et al., 2011b). This further
confirms the accuracy of our experimental study.
These studies underline the strong relationship
between water temperatures and the incorporation of
trace element magnesium (Mg) in inorganically
precipitated calcite. Previous research has consistently
shown a positive relationship, indicating an increase in
Mg incorporation with rising temperatures. (Chilingar,
1962; Katz, 1973; Delaney et al., 1985; Rosenthal et
al., 1997; Lea et al., 1999; Lear et al., 2002; Martin et
al.,, 2002). Consequently, we expected that the
foraminifera growing in the warm room aquariums
would exhibit higher Mg/Ca ratios. Surprisingly, the
average values obtained in the cold room (1.62 £+ 1.07
mmol/mol) and warm room (1.63 £ 1.38 mmol/mol)
were similar, with a slightly higher value observed in
the warm room. Even though the highest values of
Mg/Ca were observed in the warm environments (i.e.,
low pH and Medium pH aquariums, see Figure 7),
statistical analyses didn’t confirm any warming-related
significant difference (SI2, p-value = 0.996). We
suggest that this study’s investigated temperature
change (+5 °C) may have been insufficient to elicit a
significant impact on the Mg/Ca ratios. De facto, De
Nooijer et al. (2014) regrouped results from several
culturing experiments (i.e., Raitzsch et al., 2010;
Dissard et al., 2010a, b; Duefias-Bohorquez et al.,
2011b) and showed that for increasing temperature
similar to our study (+5 °C) the Mg/Ca would not
increase drastically (~0.47 mmol/mol at 10 °C to 0.79
mmol/mol at 15 °C; Dissard et al., 2010a; 0.88 + 0.28
mmol/mol at 10 °C to 1.08 + 0.31 mmol/mol at 15 °C;
Dissard et al., 2010b). This would explain the lack of
significant differences observed in our data. We also
observed that Dissard et al. (2010a, b) values are
slightly lower than ours even though all our
parameters are similar (T, pH, salinity, and Qc)
whereas our values fall better into the range of Duefias
-Bohorquez (2011b) (values around 1.63 = 0.06 mmol/
mol) and Raitzsch (2010) (values around 1.60 = 0.29
mmol/mol). Conversely, these studies have different
salinity (respectively: 35 + 0.3 and 35.2), temperature
(both 18 °C), and Qc (respectively around 4 + 0.8 and
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6.46 £ 0.38) but similar inorganic carbon chemistry.
We suggest that these differences in the dimension of
the Mg/Ca values are due to confounding factors.

Our studies' Mn/Ca ratios are consistent with
studies in natural environments (This study: between
0.12 and 21.16 pmol/mol; Brinkmann et al., 2021
average values: 10.2 + 4.5 pmol/mol). However,
culturing experiments on Mn incorporation displayed
values 1/1000 times different (e.g., Barras et al., 2018:
0.13 + 0.03 and 0.86 = 0.10 mmol/mol. The Mn/Ca
ratio is used in many studies as a proxy for water
redox states, considering that benthic foraminifera
record the environmental Mn2+ concentration of
bottom waters in their test (Groeneveld & Filipsson,
2013; Koho et al, 2015, 2017;). Foraminiferal
culturing studies confirmed a positive linear
relationship between the dissolved Mn2+ in seawater
and the Mn/Cacalcite ratio (species dependent) making
it a reliable proxy for bottom water oxygen (Munsel et
al., 2010; Barras et al., 2018). Thus, the notable
difference in values with Barras et al. (2018) is
explained because they manually calibrated the
manganese incorporation (higher concentration than in
the natural environments) in calcite, which was
proportionally incorporated. Their findings showed an
increase of 11-25 % for A. tepida growing in oxygen-
depleted conditions against normal conditions.
Petersen et al. (2018) study in natural environments
(Lake Grevelingen, Netherlands) demonstrated an
increase of twice their mean values for foraminifera
growing in oxygen-depleted conditions. Consequently,
an increase of around 20 % in the Mn/Ca ratios of
foraminifera growing in low oxygen conditions was
expected in this study. However, no oxygen-related
differences in the Mn/Ca ratios were reported (SI2, p-
value = 0.178). This might be explained because the
water source originates from a depth of 30 meters, and
it is highly probable that the initial Mn content in the
water was already low. Furthermore, we didn’t
examine the water samples' trace elements chemistry
during the experiment and are unable to confirm the
presence of higher Mn levels in the hypoxic
conditions. If the foraminifera grew alongside
sediment samples, we could have assessed the
potential contribution of Mn leaching from the
sediments, which may have yielded different results.
We suggest that this is why we didn’t find any oxygen
-related differences in the Mn/Ca ratio.

The Ba/Ca ratio in biogenic calcium is
influenced by the Barium content in ambient water
during calcification, which is in turn influenced by
terrestrial runoff and river discharge in natural
environments (Gattuso & Hansson 2011). Therefore,
only in-situ natural events should influence the barium
-to-calcium ratio and we did not expect any significant
changes for any of the conditions. Statistical analyses
showed that the Ba/Ca ratios were not significant in
regard to any hydrographic parameters (pH, oxygen,
and temperature changes). To our knowledge, the
Barium incorporation in culturing experiments hasn’t
been much studied for Ammonia sp. However, in
natural environments (Baltic Sea), Ammonia sp. (T6)
values are around 10 pmol/mol (Groeneveld et al.,



2018) whereas our average value is 2.68 pumol/mol.
We suggest that this is due to the growth in an
experimentally assessed and nutrient-starved (Ba)
environment.

Previous culturing experiments display Sr/Ca
values for Ammonia sp. around 1.25 and 1.5 mmol/mol
(Keul et al., 2013) or 1.16 to 1.73 mmol/mol (Mojtahid
et al., 2023) which is the range of our data (this study:
1.34 £ 0.27 mmol/mol). The use of strontium as a
proxy is still widely discussed however, Langer (2016)
affirmed that there is a correlation between Sr/Cacaite
and Sr/Cagawaer and some studies link the Sr
incorporation to increasing [CO5*], DIC, [HCO; ] or
other environmental factors (Dissard et al., 2010,
Elderfield et al., 1996, Rosenthal et al., 2006, Mojtahid
et al., 2023). We did not expect changes in the Sr/Ca
ratios for any of the conditions. Yet, Sr/Ca is the only
ratio that showed statistical significance for the oxygen
-depleted conditions. Furthermore, Sr/Ca ratio
displayed a uniform trend for all conditions which
rejoins previous findings that strontium is generally
uniform, analytically very robust, and shows high
accuracy (e.g., Eggins et al., 2003; Duefias-Bohdrquez
et al., 2011a; de Nooijer et al., 2014).

The most interesting results were that for
almost all elements a noteworthy large variability of
the TE/Ca ratios (Mn, Mg, and Ba) was displayed for
foraminifera growing in low pH environments (low
pH; warm + cold). When compared to other studies on
Ammonia sp., this study’s Mg/Ca variability at low pH
(warm and cold) is larger (e.g., 0.7 to 7.5 mmol/mol in
this study; 0.77 £ 0.28 mmol/mol, Dissard et al.,
2010a; 1.05 = 0.10 mmol/mol, Mojtahid et al., 2023).
The highest Mg/Ca data point was reported in the
combined warm and low pH aquariums (T14 °C Low
pH). Mn/Ca ratios in the low pH conditions rank
between 1.67 and 21.15 pmol/mol and the highest data
point was also reported in the warm and low-pH
condition. There are no studies on Ammonia sp. that
investigated the effects of low pH on manganese trace
elements incorporation limiting the comparison of our
data. Ba/Ca also displays large variability (ranging
between 1.27 and 6.92 umol/mol). To our knowledge,
no culturing experiments on Ammonia sp. investigated
the Ba/Ca ratios, also limiting the comparison. It’s
interesting to mention that a large variability of the Ba/
Ca ratios for foraminifera growing in oxygen-depleted
conditions was also observed (ranging from 0.18 to
9.48 umol/mol). This opens interrogation on the Ba/Ca
behavior in low-oxygen conditions. Only Sr/Ca
displayed uniform results which is consistent with
previous findings that the Sr/Ca ratio is generally
analytically robust (de Nooijer et al., 2014). The high
variability of Mg/Ca, Mn/Ca, and Ba/Ca suggests a
strong physiological influence on the incorporation of
TE into the shells and has been previously reported for
other species on the Mg/Ca incorporation (Segev et al.,
2006). Here we suggest that the high TE/Ca variability
observed in low pH environments is due to A.
confertitesta (T6) struggling to calcify at equilibrium
with the ambient TE available. If they had indeed
calcified in equilibrium with the ambient seawater, the
ratios would have exhibited less variability and shown
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more uniform results. This hypothesis will be further
investigated with additional laser ablation analyses.
This study offers new insights into trace elements
incorporation behavior into foraminiferal calcite for
Mn/Ca, Ba/Ca, and St/Ca ratios, rarely investigated in
low-pH environments.

4.5 Partition coefficient

The partition coefficients of genus Ammonia in
culturing experiments previously reported are
consistent with this study as exposed in the following
paragraph. Dissard et al. (2010a) estimated the
partition coefficient of Magnesium DMg for 4. tepida
to be ranging between 9.6 (£ 2.7)E” (at T10 °C, high
pH) and 14.5 (+ 5.3)E” (at T15 °C and low pH) when
our study calculated a DMg = 0.00028 + 0.0002.
Munsel et al. (2010) estimated a DMn = 2.4 which
comes close to our DMn = 2.63 £+ 1.89. On the other
hand, Barras et al. (2018) DMn values were
consequently lower (between 0.09 and 0.35) for
individuals growing in similar salinity 34 and pH 8.1
which was due to manual Mn calibration. Havach et al.
(2001) found a DBa = 0.20 £ 0.04 for Ammonia
beccarii, comparable to our DBa = 0.56 + 0.34.
Finally, Dissard et al. (2010a) also estimated a DSr
value for A. tepida between 0.165 (£ 0.017) (T10 °C,
high pH) and 0.175 (£0.019) (T15 °C low pH), when
our data ranges around DSr = 0.171 + 0.041. Boyle
(1981) states that if partition coefficient behavior
demonstrates control (D <I) over trace eclement
chemistry, then the trace elements can be used as
proxies for ocean/water chemistry. Therefore Mg, Ba,
and Sr are considered advantageous for environmental
reconstruction. The partitioning coefficient values
being consistent with previous culturing experiments
suggests that the trace elements incorporation behavior
in specimens from this experiment is coherent. This
confirms and adds credibility to our experimental
setup which exhibits a consistent foraminiferal
response to the given environmental conditions and
element availability. However, the statistical test on
the partition coefficients revealed that there were no
significant differences in the coefficient related to
changes in environmental stressors. We suggest that
this is due to the lack of values which will be corrected
with additional LA-ICP-MS measurements.

5 Conclusions

This study successfully managed to assess a
triple-stressor situation on foraminifera in culturing
experiments while ensuring stable water parameters.
Thus, it offers a viable experimental set-up method for
future studies. Foraminifera from the experiment con-
sequently proved to be advantageous for environmen-
tal reconstruction due to the absence of ontogenetic
trends between chamber stages. Ammonia confertitesta
(T6) survived and calcified in nearly all conditions



except in the most severe combination of stressors.
This may indicate that the resistance threshold of the
species was reached. However, the survival percent-
ages varied by a factor of two between each condition
and their duplicate maybe indicating an internal re-
sponse rather than solely being driven by environmen-
tal factors. This highlights questioning in the use of
duplicates and could be further investigated with the
use of triplicates. Considering the TE ratios, the Mg/
Ca ratios did not present the expected outcomes, possi-
bly because the investigated temperature gradient was
too small. Similarly, the observed Mn/Ca ratios did not
yield the expected results, potentially due to very low
Mn concentrations in the water. Finally, the large vari-
ability of the TE/Ca ratio may suggest that 4. con-
fertitesta struggles to calcify in equilibrium with the
ambient water chemistry at low pH. Because Laser
Ablation is a destructive method, half of the selected
specimens were saved for complementary study on
foraminiferal 3D morphology and will be later ana-
lyzed for LA-MS-ICP. In the global context, the study
showed that even a well-known resistant foraminifera
species is affected by the expected scenarios of the
year 2100 in terms of survival, calcification, and trace
element incorporation.
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8 Supplementary Information:

LA-ICP-MS operating conditions
Pulse Repetition Rate

Energy Densitiy

For samples and carbonate standards

For glass standards

Ablation Spot size

Measured isotopes

Standard for calibration

Secondary Standard

5Hz

1 Nem?
3 Nem?
40x50 pm

MgZ\S AIZ? MnSS Zn66 Srss Bal.’f]I BalBB U238

US National Institute of Standards and Technology SRM NIST610 with
GeoReM (Geological and Environmental Reference Materials, 2021;

Jochum et al., 2005) composition values

NIST612

MACS-3 (MicroAnalytical Carbonate Standard, Unitate States Geological
Survey, 2012; Jochum et al. 2012)
JCt-1 and JCp-1 (AIST Japan calcium carbonate pellets)

Supplementary Information 1: Summary of the operating condition of the Laser Ablation Inductively Coupled Mass

Spectrometry (LA-ICP-MS)

Mg/Ca Mn/Ca Ba/Ca Sr/Ca

RrR2 p-value R2 p-value R2 p-value R2 p-value
Temperature 0.0001 0.996 09138  0.515 0.4599 049 1.1182  0.286
pH conditions 2.7609  0.076 2.036 0.179 2.8185 0.074 2.1203  0.136
Oxygen conditions 03513 0.527 0.7342  0.178 0.1059  0.72 5.8818  0.042
Temperature:pHconditions 1.2968  0.281 1.8885  0.198 0.4993  0.621 2.8246  0.083
Temperature:Oxy 0.1246  0.658 0.285 0.198 0.0936  0.734 2.4357  0.167
pHconditions:Oxy 0.0008  0.971 22569  0.079 1.149 0.283 3.9281 0.099

Supplementary Information 2: R2 and p-value of each TE/Ca ratios (Mg/CA, Mn/Ca, Ba/Ca and Sr/Ca) comparison with water
parameters (Temperature, pH conditions and Oxygen conditions) and combined parameters (Temperature:pHconditions,
Temperature:Oxy, pH conditions:Oxy.). Only significant p-value (Sr/Ca; Oxygen conditions) is underlined.
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9°C

Control-1 | Control-2 | Medium pH-1 | Medium pH-2 | Low pH-1 | Low pH-2 | Hypoxic-high pH | Hypoxic-low pH

pH "nominal" 8 8 7.6 7.6 7.4 7.4 8 7.4
pH (total scale) "measured"” 7.94 7.95 7.59 7.59 7.39 7.40 7.90 7.44
SD pH (total scale) "measured"” 0.03 0.04 0.02 0.02 0.02 0.02 0.05 0.16
Water temperature (°C) 9.0 8.9 8.9 8.9 8.8 8.8 8.8 8.9
SD Water temperature (°C) 0.42 0.30 0.19 0.18 0.16 0.16 0.26 0.21
Salinity 343 344 339 339 339 33.9 333 33.0
SD Salinity 0.39 0.36 0.05 0.03 0.13 0.25 0.21 0.47
TA (pmol kg SW) 2407.1  2410.1 2406.5 24123 2389.2 23832 2349.8 23819
SD TA (pmol kg'l SW) 32.6 59.6 56.5 52.8 51.6 65.9 73.5 394
pCO; (patm) 5359 5353 1324.0 1334.5 2137.1 2073.8 614.2 1949.3
SD pCO, (patm) 34.1 38.6 62.5 57.8 142.9 148.9 66.7 508.1
DIC (pmol kg" SW) 22693 22723 2389.3 23994 2440.0 2430.2 2240.7 2417.6
SD DIC (pmol kg" SW) 32.3 57.2 57.8 53.2 57.5 69.6 74.9 64.4
[CO;z'] (umol kg'1 SW) 110.2 109.9 50.5 50.2 319 325 93.3 36.7
SD [CO{"} (umol kg" SW) 6.3 7.0 1.9 2.1 1.4 2.0 8.6 13.8
[HCO;'] (umol kg'I SW) 21249 21377 22785 2121.58 2310.3 2302.6 2123.8 22914
SD [HCO;] (umol kg’ SW) | 319 54.4 55.2 598.5 52.5 65.1 74.8 54.5
Omega caleite (Qc) 2.6 2.6 1.2 1.2 0.8 0.8 22 0.9
SD Omega calcite (Qc) 0.2 0.2 0.1 0.1 0.03 0.1 0.2 0.3
[0,] (pmol L) 52.1 42.0
SD[();l(umolL') 11.7 8.5
14°C
Control-1 | Control-2 | Medium pH-1 | Medium pH-2 | Low pH-1 | Low pH-2 | Hypoxic-high pH | Hypoxic-low pH
pH "nominal" 8 8 7.6 7.6 7.4 7.4 8 7.4
pH (total scale) "measured" 7.97 7.98 7.60 7.59 7.40 7.40 7.88 7.43
SD pH (total scale) "measured” 0.04 0.04 0.02 0.01 0.02 0.02 0.08 0.06
Water temperature (°C) 13.9 13.9 13.9 13.9 14.0 14.0 14.1 14.2
SD Water temperature (°C) 0.30 0.30 0.26 0.37 0.21 0.23 0.21 0.24
Salinity 34.7 34.6 33.8 339 34.1 338 334 333
SD Salinity 0.42 0.50 0.16 0.28 0.26 0.20 0.24 0.20
TA (pmol kg" SW) 24214 24021 2407.8 2388.7 2382.5 2402.3 2355.6 2368.8
SD TA (pmol kg™’ SW) 46.2 46.8 58.7 41.9 64.2 70.5 50.8 46.2
pCO; (patm) 498.5 487.2 13154 1317.4 2098.8 21319 616.6 1940.2
SD pCO, (patm) 50.9 52.7 58.7 48.3 95.9 158.5 64.9 336.1
DIC (umol kg™ SW) 22343 22093 23685 2350.6 2404.7 2426.4 22142 2379.7
SD DIC (pmol kg ' SW) 43.2 45.8 48.5 43.2 64.3 69.6 46.9 249
[C032‘] (pumol kg" SW) 141.9 142.3 62.2 61.4 404 404 113.5 439
SD [(‘(Z)f"] (umol kg™ SW) 11.7 13.4 2.3 1.7 2.1 32 9.5 8.8
[HCO, ] (umol kg’ SW) 20729 20523 2255.1 2237.9 2283.1 23033 2076.8 2379.7
SD [HCO;'] (umol kg ™' SW) 43.1 37.9 46.2 41.1 61.4 66.4 44.7 24.9
Omega calcite (Qc) 34 34 1.5 1.5 0.97 0.97 2.7 1.1
SD Omega calcite (£2c) 0.3 0.3 0.1 0.04 0.05 0.1 0.2 0.2
[0,] (pmol L'l) 54.9 45.7
SD [0,] (umol L) 6.4 5.5

Supplementary Information 3: Average values (black) and standard deviation (grey) for all water parameters (pHotaiscale, Water
temperature, Salinity, TA, pCO,, DIC, [CO32'], [HCO5], Omega calcite, [O,]) in all conditions and duplicates.
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STRESS3D Sep 2022 CTD data

Fluorescence, WET Labs ECO-AFL/FL [mg/m”3]
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Supplementary Information 5: CTD profile of the GF50 oxic station displaying Temperature (°C), Salinity (psu), and
Fluorescence (mg/m")
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Tidigare skrifter i serien ”Examensarbeten i
Geologi vid Lunds universitet”:

613. Hojbert, Karl, 2021: Dendrokronologi - en
nyckelmetod for att forsta klimat- och
miljoforandringar i Jdmtland under holocen. (15
hp)

614. Lundgren Sassner, Lykke, 2021: A Method for
Evaluating and Mapping Terrestrial Deposition
and Preservation Potential for Palacostorm
Surge Traces. Remote Mapping of the Coast of
Scania, Blekinge and Halland, in Southern
Sweden, with a Field Study at Dalkdpinge
Angar, Trelle[borg. (45 hp)

615. Granbom, Johanna, 2021: En detaljerad
undersokning av den mellanordoviciska
”furudalkalkstenen” i Dalarna. (15 hp) 616.
Greiff, Johannes, 2021: Oolites from the
Arabian platform: Archives for the aftermath of
the end-Triassic mass extinction. (45 hp)

617. Ekstrom, Christian, 2021: Rodfargade
utféllningar i dammanlidggningar orsakade av G.
ferruginea och L. ochracea - Problemstatistik
och mikrobiella levnadsforutsittningar. (15 hp)

618. Ostsjo, Martina, 2021: Geologins betydelse i
sambhdllet och ett forsta steg mot en geopark pa
Gotland. (15 hp)

619. Westberg, Mérta, 2021: The preservation of cells
in biomineralized vertebrate tissues of Mesozoic
age — examples from a Cretaceous mosasaur
(Reptilia, Mosasauridae). (45 hp)

620. Gleisner, Lovisa, 2021: En detaljerad
undersokning av kalkstenslager i den
mell/lanordoviciska gullhdgenformationen pa
Billingen i Vastergotland. (15 hp)

621. Bonnevier Wallstedt, Ida, 2021: Origin and early
evolution of isopods - exploring morphology,
ecology and systematics. (15 hp)

622. Selezeneva, Natalia, 2021: Indications for solar
storms during the Last Glacial Maximum in the
NGRIP ice core. (45 hp)

623. Bakker, Aron, 2021: Geological characterisation
of geophysical lineaments as part of the
expanded site descriptive model around the
planned repository site for high-level nuclear
waste, Forsmark, Sweden. (45 hp)

624. Sundberg, Oskar, 2021: Jordlagerfoljden i
Hojeadalen utifrén nya borrningar. (15 hp)

625. Sartell, Anna, 2021: The igneous complex of
Ekmanfjorden, Svalbard: an integrated field,
petrological and geochemical study. (45 hp)
626. Juliusson, Oscar, 2021: Implications of ice-
bedrock dynamics at Ullstorp, Scania, southern
Sweden. (45 hp)

627. Eng, Simon, 2021: Rédslam i svenska
kraftdammar - Problematik och potentiella
16sningar. (15 hp)

628.

629.

630.

631.

632.

633.

634.

635.

636.

637.

638.

639.

640.

641.

642.

643.

644.

645.

Kervall, Hanna, 2021: Feasibility of Enhanced
Geothermal Systems in the Precambrian
crystalline basement in SW Scania, Sweden. (45
hp)

Smith, Thomas, 2022: Assessing the relationship
between hypoxia and life on Earth, and
implications for the search for habitable
exoplanets. (45 hp)

Neumann, Daniel, 2022: En mosasaurie (Reptilia,
Mosasauridae) av paleocensk alder? (15 hp)

Svensson, David, 2022: Geofysisk och geologisk
tolkning av kritskollors utbredning i
Ystadsomrédet. (15 hp)

Allison, Edward, 2022: Avsittning av Black
Carbon i sediment fran Odensjon, sédra Sverige.
(15 hp)

Jirdén, Elin, 2022: OSL dating of the Mesolithic
site Nilsvikdalen 7, Bjorey, Norway. (45 hp)

Wong, Danny, 2022: GIS-analys av effekten vid
stormflod/havsnivahdjning, Morupstrakten,
Halland. (15 hp)

Lycke, Bjorn, 2022: Mikroplast i vattenavsatta
sediment. (15 hp)

Schonherr, Lara, 2022: Gron féltspat i
Varbergskomplexet. (15 hp)

Funck, Pontus, 2022: Granens ankomst och
etablering i Skandinavien under postglacial tid.
(15 hp)

Brotzen, Olga M., 2022: Geologiska bes6ksmal
och geoparker som plattform for popularisering
av geovetenskap. (15 hp)

Lodi, Giulia, 2022: A study of carbon, nitrogen,
and biogenic silica concentrations in Cyperus
papyrus, the sedge dominating the permanent
swamp of the Okavango Delta, Botswana,
Africa. (45 hp)

Nilsson, Sebastian, 2022: PFAS- En
sammanfattning av ny forskning, med ett fokus
pa fororeningskéllor, provtagning,
analysmetoder och saneringsmetoder. (15 hp)

Jagfeldt, Hans, 2022: Molnens péaverkan pa
jordens stralningsbalans och klimatsystem. (15
hp)

Sundberg, Melissa, 2022: Paleontologiska
egenskaper och syreisotopsutveckling i
borrkérnan Limhamn-2018: Kopplingar till
klimatférandringar under yngre krita. (15 hp)

Bjermo, Tim, 2022: A re-investigation of
hummocky moraine formed from ice sheet
decay using geomorphological and
sedilImentological evidence in the Vomb area,
southern Sweden. (45 hp)

Halvarsson, Ellinor, 2022: Structural
investigation of ductile deformations across the
Frontal Wedge south of Lake Vittern, southern
Sweden. (45 hp)

Brakebusch, Linus, 2022: Record of the end-
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649
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652
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655

656

Triassic mass extinction in shallow marine
carbonates: the Loriins section (Austria). (45 hp)

. Wahlquist, Per, 2023: Stratigraphy and
palaeoenvironment of the early Jurassic
volcaniclastic strata at Djupadalsmélla, central
Skane, Sweden. (45 hp)

. Gebremedhin, G. Gebreselassie, 2023: UPb
geochronology of brittle deformation using LA-
ICP-MS imaging on calcite veins. (45 hp)

. Mroczek, Robert, 2023: Petrography of
impactites from the Dellen impact structure,
Sweden. (45 hp)

. Gunnarsson, Niklas, 2023: Upper Ordovician
stratigraphy of the Stora Sutarve core (Gotland,
Sweden) and an assessment of the Hirnantian
Isotope Carbon Excursion (HICE) in high-
resolution. (45 hp)

. Cordes, Beatrix, 2023: Vilken ny kunskap ger
aDNA-analyser om vegetationsutvecklingen i
Nordeuropa under och efter Weichsel-istiden?
(15 hp)

. Bonnevier Wallstedt, Ida, 2023: Palaeocolour,
skin anatomy and taphonomy of a soft-tissue
ichthyosaur (Reptilia, Ichthyopterygia) from the
Toarcian (Lower Jullrassic) of Luxembourg.
(45 hp)

. Kryffin, Isidora, 2023: Exceptionally preserved
fish eyes from the Eocene Fur Formation of
Denmark — implications for palacobiology,
palacoecology and taphonomy. (45 hp)

. Andersson, Jacob, 2023: Nedslagskratrars
inverkan p& Mars yt-datering. En undersdkning
av Mars framsta ytdateringsmetod ~’Crater
Counting". (15 hp)

. Sundberg, Melissa, 2023: A study in ink — the
morphology, taphonomy and phylogeny of
squid-like cephalopods from the Jurassic
Posidonia Shale of Germany and the first record
of a loligosepiid gill. (45 hp)

. Higgblom, Joanna, 2023: En patologisk sjolilja
fran silur pa Gotland, Sverige. (15 hp)

. Bergstrom, Tim, 2023: Hur gammal 4r jordens

657.

658.

659.

660.

661.

662.

663.

664.

665.

666.

667.

inre kdrna? (15 hp)

Bollmark, Viveka, 2023: Ca isotope, oceanic
anoxic events and the calcareous nannoplankton.
(15 hp)

Madsen, Ariella, 2023: Polycykliska aromatiska
kolviten i Handbuktens kustnira sediment - En
sedimentologisk undersdkning av vikar i niarhet
av pappersbruk. (15 hp)

Wangritthikraikul, Kannika, 2023: Holocene
Environmental History of Warming Land,
Northern Greenland: a study based on lake
sediments. (45 hp)

Kurop, Anna, 2023: Reconstruction of the glacier
dynamics and Holocene chronology of retreat of
Helagsglacidren in Central Sweden. (45 hp)

Frisendahl, Kajsa, 2023: Holocene environmental
history of Washington Land, NW Greenland: a
study based on lake sediments. (45 hp)

Ryan, Cathal, 2023: Luminescence dating of the
late Quaternary loess-palacosol sequence at
Velika Vrbica, Serbia. (45 hp)

Lindow, Wilma, 2023: U-Pb datering av zirkon i
metasediment tillhérande Stora Le-Marstrand,
SV Sverige. (15 hp)

Bengtsson, Kaisa, 2023: Geologisk
karaktérisering av den kambriska
Faluddensandstenen i Ostersjon och dess
lamplighet for koldioxidlagring. (15 hp)

Granbom, Johanna, 2023: Insights into simple
crater formation: The Hummeln impact structure
(Smaland, Sweden). (45 hp)

Jonsson, Axel, 2023: Datering av vulkanen
Rangitoto, Nya Zeeland, genom
paleomagnetiska analysmetoder. (15 hp)

Muller, Elsa, 2023: Response of foraminifera
Ammonia confertitesta (T6) to ocean
acidification, warming, and deoxygenation - An
experimental approach. (45 hp)
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