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ABSTRACT

Foraminifera are protists primarily living in benthic marine and estuarine environments. We studied uptake of inorganic carbon (C) and nitrogen (N)
of the photosymbiont-bearing benthic coral reef foraminifera Heterostegina depressa in the presence of heavy metals.

Incubation experiments were accomplished with artificial seawater enriched with copper, iron, lead and zinc at two different concentration levels
(10 and 100 fold enriched in contrast to the usual culture medium). Additionally, isotopically labelled 13¢.sodium bicarbonate and '°N-ammonium
chloride were added to trace their assimilation over time (1 d, 3 d, 5 d, 7 d). Pulse-amplified modulated fluorescence measurements were performed
to measure the potential impacts of heavy metals on chlorophyll fluorescence of the photosymbiont. Increased levels of copper (430.5 pug Cu/l)
exhibited the greatest toxicity, while for low levels no effect on the overall metabolism of the foraminifera and the fluorescence activity of the
photosymbiont could be detected. Iron (III) increased the symbiont activity, independent of concentration applied (44.5 and 513.3 pg Fe/l1), which
indicates Fe-limitation of the algal symbiont. Lead enrichment showed no detectable effect even at high concentration. Low concentrations of zinc
(35.1 pg Zn/1) promoted the metabolism of the foraminifera, while high concentrations (598.4 pg Zn/1) were toxic. At low levels, two metals (Fe and
Zn) promoted symbiont activity, at high levels, iron still boosted photosynthesis, but Zn and Cu had a negative impact on the obligatory photo-
synthetic symbionts.

1. Introduction
1.1. General introduction

Anthropogenic impacts are recognized in most habitats; elevated levels of pollutants with special respect to marine environments
have been in focus for decades. Halpern [1] et al., analyzed a global pattern of anthropogenic impact on marine ecosystems and found
out, that a large fraction of 41% of all investigated ecosystems are strongly affected by human activity. A relatively small impact can be
found near the poles. But nowadays the amount of studies who report pollution in the Antarctic are increasing [2,3].

Heavy metal contamination of costal environment is a recently often discussed topic. This pollutant can be uncontrolled released to
the environment via several industrial processes like coal mining, agricultural activities or due to steel industry [4]. The
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bioaccumulation of heavy metals is directly dependent on the uptake and storage mechanisms of the organisms as well as the
bioavailability of the metals in the ecosystem [5]. A high concentration of some metals can lead to a rapid failure of the metabolism and
the organisms will die [5]. However, in a small concentration heavy metal are essential trace elements and can push the organism’s
activity [6]. In this context, foraminifera have been utilized as bioindicators since the 1960s [7]. Foraminifera are single-celled or-
ganisms, which mainly occupy marine environments [8]. Benthic foraminifera can be found either above (epifaunal) or within
(infaunal) the sediment-water interface [9,10]. Because of their high reproduction rates and their short life cycle, foraminifera also
show great proxy abilities which enables them to derive information about different parameters of their surrounding environment [11,
12]. Foraminifera respond quickly to an increase of heavy metal concentrations and are therefore used as early indicators of such
events in the environment [13-15].

Larger benthic foraminifera (LBF) are characterised and identified by their large size in contrast to other foraminifera. In order to
stabilize their shells, they developed an internally complex architecture [16]. This group accounts for 80 % of foraminiferal reef
carbonate production on planet earth [17]. Several forms of symbiotic relationships occur between LBFs and other organisms, such as
diatoms, chlorophytes, cyanobacteria, dinoflagellates, haptophytes or rhodophytes [18-20]. LBF benefit from photosynthetic products
of the photobionts like glycerol and sugar [21]. In turn, photobionts are protected by the host and have a higher availability of nu-
trients compared to free-living algae [20,22].

1.2. Heavy metal pollution

Elements featuring density >5 g/cm® are termed heavy metals (HM) and naturally occurring in the Earth’s crust [23]. A variety of
HM are essential trace elements for organisms, however, in elevated concentrations they can be toxic and potentially bioaccumulate
through the food chain [23,24].

Through certain events such as ocean oxidation periods or elevated anthropogenic impacts, HM are released in elevated con-
centrations into the environment, whereupon they are considered bioavailable [23,25]. Potential sources are for instance biosolids,
fertilizers, landfills, and household waste [24,25]. However, besides man-made contamination, also natural sources need to be
considered, such as weathering of volcanic minerals [26].

With respect to HM contamination, benthic foraminifera are a great monitoring tool [27]. In coastal habitats, the elements Cu, Pb,
and Zn are considered as the most frequent pollution [28]. HM impact on foraminiferal communities along continental coastlines is
stronger compared to areas located further away from the mainland [15]. Foraminiferal test abnormalities significantly dependent on
the type of pollutant and the concentration [29]. The foraminiferal species Elphidium excavatum can adapt to these events and
outcompete other species in polluted near-shore environments [29]. In contrast to that, Miliolids display a strong sensitivity to such
pollution events [29].

Copper is an essential trace element for organisms, but can cause negative effects at higher concentrations [30], e.g. oxidative
stress, which damages DNA, lipids, and proteins [31]. The availability of iron is associated with the regulation of algal communities in
coastal upwelling regimes and assists in the development of diatom blooms [32]. Zinc (oxide) nanoparticles deriving from sunscreens
released by human into the environment at global beaches are presumably considered harmful to a variety of marine microorganisms
[33,34]. Highly increased (1044 x Zn enrichment) concentrations of Zn negatively affected the metabolism of foraminifera [35].
Human extraction of lead and its utilization reaches far back in history, however, the impact on marine organisms is rather diverse
[35-37]. Recent studies based on metabolic observations showed that some foraminiferal species might adapt to increasing lead
concentrations [35,38].

The present study aims to obtain further knowledge on anthropogenically induced HM pollution (Cu, Fe, Pb, Zn) and the metabolic
responses of the symbiont-bearing coral reef LBF Heterostegina depressa d’Orbigny 1826, since HM enrichment in coral reefs increased
in the last decades. For that purpose we will test two different concentrations of HM. The first (10-fold enriched) reflects common metal
concentrations in pore waters. These metals can be released by stronger mixing events triggered by storm surges. The second con-
centration (enriched 100 times) is an experimentally selected concentration and is intended to represent heavily polluted water.
During these experiments, we will investigate whether the foraminifera would survive under such extreme conditions. Our hypothesis
is that copper, even in low concentrations, has a negative effect on the metabolism of the foraminifera, since copper is also used to
combat algae. On the other hand, iron supplementation should lead to activation of photosymbionts, since iron is normally the limiting
factor for marine phytoplankton.

2. Material and methods
2.1. Experimental setup

A main culture of H. depressa, hosted at the Department of Palaeontology at the University of Vienna provides a sufficient number of
individuals for the experiments. All selected foraminifera had a diameter of approximately 1.2 mm. We prepared artificial seawater
enriched with HM (interference factor) and stable isotopes (measured parameters). Artificial seawater was used to reduce the impact of
dissolved organic matter or other pollutants that could arise when filtered seawater will be used from the sampling site. For the basic
medium, 33 g of reef salt were dissolved in 1 L of purified, sterile-filtered water.

Inductively coupled plasma mass spectrometry, as well as optical emission spectroscopy (ICP-MS & OES) measurements (3 rep-
licates) were done at the Department of Environmental Geoscience/University of Vienna to estimate the natural content of Cu, Fe, Pb,
Zn in the applied artificial seawater. For HM stocking, water-soluble salts were used: Cupric sulphate Pentahydrate (CuSO4*5H20),
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Ferric Chloride Hexahydrate (FeCl3*6H20), Lead (II) chloride (PbCl2), and Zinc Sulphate Heptahydrate (ZnSO4*7H20) were dis-
solved in distilled water. In the present study, two concentrations c1 and c2 are applied, whereby c1 is considered an elevated (10-fold)
HM concentration and c2 a highly elevated (100-fold) concentration, compared to cO (concentration of the main culture). Then stable
isotopes 13C (NaH13CO3 = 0.235 mmol/1) and 15 N (15NH4Cl = 0.220 mmol/1) were added to each setup (c0, c1, c2).

Foraminifera were separated from the main culture and cleaned with a small brush from adhering particles. Afterwards, the
specimens were placed in crystallization dishes for the isotopic uptake with HM treatments.

The exact HM concentrations of the synthetic seawater are listed in Table 1.

Additionally, an incubation of foraminifera in untreated artificial seawater (no metals) was done as a control. After the incubation
period of 1, 3, 5 and 7 days, the foraminifera were prepared for isotope ratio measurements. This time period was also used in other
treatments and was found to be optimal for incubation experiments with foraminifera.

Specimens were isolated from the dishes, cleaned via flush-washing with distilled water, and placed in previously weighed tin
capsules. Afterwards they were air-dried for three days and decalcified with 12.5 ul HC1 (2 M) to dissolve the calcite test. The remaining
cytoplasm in the capsules was finally dried in a dry chamber at 50 °C for three days and reweighed. Analyses of C:N ratios and the C and
N contents were done with an isotope ratio mass spectrometer (IRMS, DeltaPLUS, coupled by a ConFlo III interface to an elemental
analyser EA 1110, Thermo Finnigan) at the Stable Isotope Laboratory for Environmental Research (SILVER) at the University of
Vienna. Calculation of incorporated isotopes was done according to Lintner et al. [39].

In another set of experiments, pulse-amplified modulated (PAM) fluorescence measurements of the photosynthetic active area were
performed to analyse the impact of HM treatments on the photosymbiont. Foraminifera were incubated in 6 well-plates (one individual
per well) and were covered with 10 ml artificial seawater enriched with HM. The plates were sealed with parafilm to avoid evaporation
and ensure stable salinity conditions and measured after 1, 3, 5, and 7 days. The foraminifera were incubated at a temperature of 25 °C
and a salinity of 33. The light intensity was measured at 40 pmol photons m—2s—1 and a light dark cycle of 12:12 h was provided.

We used Imaging-PAM (microscopy version, Walz company, Eiffeltrich, Germany) to get insight into the photoactive area of the
photosymbionts. The instruments consist of a modified epi-fluorescence microscope, equipped with a modulating LED light source and
a photomultiplier for detection of modulated chlorophyll fluorescence (Zeiss microscope Scope. Al — AXIO, camera system model:
IMAG-KG - AVT Manta G145B A56; IMAGING-PAM model IMAG- CG). Fluorescence measurements of the chloroplasts were deter-
mined via the software program developed for PAM-analysis, ImagingWin v 2.56p FW MULTI GigE3b (Walz GmbH). Settings
throughout the entire period of the software were constant. The PAM fluorometer stimulates the symbionts and their photosystem II in
the chloroplasts, which was transferred graphically into the photoactive area (%) for each time point (0, 1, 3, 5 and 7 days).

2.2. Data analysis

Two-way ANOVA was performed for isotopic uptake experiments to test significant differences of type of HM, concentration and
incubation time. For PAM-series two-way repeated measurement ANOVA was applies to test the influence of HM and time on the
photosynthetic active area of the symbionts. All statistical tests were performed with the software Past 4.03 and a level of significance
= 95%. Detailed information about the raw data and the ANOVA tables are given in the supplementary file.

3. Results
3.1. Isotopic uptake of the foraminifera

The type of HM, significantly influenced the carbon and nitrogen uptake (ANOVA, df = 3; p < 0.001). The isotopic uptake of all
experiments is shown in Fig. 1. At the lower metal concentration (c1), the uptake of carbon and nitrogen only differed significantly
from the control in the presence of copper (p < 0.001, df = 1). At higher metal levels (c2), the carbon and nitrogen uptake were
significantly lower in comparison to the control (p < 0.001, df = 1), with the exception of lead (p = 0.867, df = 1).

Copper: The isotope uptake (IC & IN) throughout the copper experiment is highly significant depending on the concentration (p <
0.001, df = 1) and the time (p < 0.001, df = 3), as well as their interaction (p < 0.001). For concentration c2, the metabolism of the
foraminifera is decreased, and less carbon is incorporated, whereas, at c1, the foraminifera can compensate for the slightly elevated

Table 1
Heavy metal concentration of all synthetic seawater media, as well as the natural content of the medium.

Sample ID Cu [pg/1] Fe [pg/1] Pb [pg/1] Zn [pg/1]

Synthetic seawater

(Cu0, Fe0, Pb0, Zn0) <10 <10 <0.5 <10
Cu_cl 19.5 - - -
Cu_c2 430.5 - - -
Fe_cl - 44.5 - -
Fe_c2 - 513.3 - -
Pb_cl - -

Pb_c2 - - 41.3 -
Zn_cl - - - 35.1
Zn_c2 - - - 598.4
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Fig. 1. Mean values of the isotopic uptake of H. depressa at different heavy metals and concentrations (n = 8, error bars indicate the standard error).
The x-axis shows the four different time points and the y-axis displays the incorporation of carbon (IC) on the left and nitrogen (IN) on the right
column in pg/mg.

interference factor. The carbon uptake, show a constant increas during the experiment at cl. In contrast to that, uptake at c2 is
decreasing after three days close to zero (Fig. 1). A similar pattern can be observed for the nitrogen uptake at c2.

Iron: Compared to the control, we generally found an increased carbon and nitrogen uptake over time (p < 0.001, df = 3). Also, the
concentration treatments different significantly (p < 0.001, df = 1), as well as their interaction (conc x time) (p < 0.01).

Lead: No significant differences between c1 and c2 were observed on the carbon and nitrogen uptake (p = 0.044 for IC & p = 0.345
for IN, both df = 1). The incorporated carbon, as well as the incorporated nitrogen, is highly significant on the time (p < 0.001, df = 3)
and high significant in the interaction of time and concentration (p < 0.01). The carbon uptake at c1 is decreasing after day 5, while the
uptake at c2 follows a linearly upward trend. For the IN plot, a similar linearly increasing trend occurs for the measurements at
concentration c2. The uptake at c1 shows that the isotopic uptake of nitrogen was at day 3 higher compared to the uptake level within
the c2 specimens. After day 3 the uptake decreased until day 5 and raised again slightly until the end of the observation period (day 7).

Zinc: The amount of incorporated carbon and nitrogen isotopes is highly significant with time (p < 0.001, df = 3) and concentration
of zinc (p < 0.001, df = 1). However, for IN, no statistical significance with a focus on the interaction of time and concentration is
calculated. The isotopic carbon uptake at c1 followed a linear increase and already started to separate from the uptake values of c2
(decreasing trend) after the third day. In contrast to that, the higher concentration of c2 is depressing the metabolic behavior of the
foraminifera and the amount of carbon isotope uptake is constantly low. A similar trend can be observed for nitrogen uptake. Hereby,
the values of nitrogen uptake at c1 and c2 start to separate on day 3 and higher nitrogen uptake was observed at concentration c1.

3.2. Effect on photobionts

The impact of heavy metals on the activity of the algae hosted by H. depressa is visualised via Fig. 2(a) and (b). The photoactive area
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Fig. 2. The plot displays the photoactive area [%] (x-axis) against the time (y-axis). The black line is the control line and the metals copper, iron,
lead, and zinc are individually color-coded and concentration level c1 under (a) and c2 under (b)
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is given in percent of the total foraminiferal area, including the standard error for six replicates. All plotted data were normalised
against the control values (black control line), which are the percental shifts of the specimens, that were incubated without the heavy
metals as an interference factor.

The increasing and decreasing effects on the activity of the symbionts at higher concentration level c¢2 are highly significant
depending on the type of metal (df = 3; p < 0.001), time (df = 4; p < 0.001) and their interaction (p < 0.001).

The symbiotic activity of the symbionts at copper level cl is throughout the total incubation time close to the control line.
However, on day 7, the longest observation period, the symbiotic activity is above the control line. In contrast to that, the activity at c2
visualises a strong decrease trend from the start of the experiment and after day 3 no activity can be observed. The symbiotic activity
during the copper-experiment is highly significant depending on the time (p < 0.001) and the concentration (p < 0.001), as well as the
interaction (p < 0.001).

The measurements of the photoactive area, corresponding to cl of iron, need to be considered as a calculation artifact, which is
explained in more detail in the chapter 4.2. The measured area of iron at concentration level c2 is on every measured timepoint close to
the control line.

Lead at c1 and c2 resulted in increased symbiotic activity on day 1, however throughout the rest of the experiment the values were
close to the control line. Statistical evaluations resulted in no significant activity differences between foraminiferal specimens incu-
bated in c1 and c2.

Both concentration levels of zinc resulted in increased activity on day 1, overlayed on day 3 with the control line, and on day 5, the
values of photoactive areas of c1 and c2 started to separate.

4. Discussion
4.1. Impact of heavy metals on the metabolism of H. depressa

Copper influences the behavior of H. depressa highly depending on the provided concentration. At low levels, the foraminifera are
still able to cope with this HM. We assume that copper is considered as a trace element for foraminifera, as it was already proved for
other organisms [40]. At high concentrations, the metabolism of H. depressa and/or their symbionts is highly impaired. Lintner et al.
[35] analyzed the effects of elevated copper concentrations on the algal food uptake by the foraminiferal species Elphidium excavatum
and found a comparable pattern. Because Elphidium excavatum does not host symbionts, we assume an adverse effect on the forami-
nifera itself, and not only on the photosymbionts. Carbon and nitrogen uptake of concentration levels c1 and c2 are differing from each
other, probably because carbon is mainly involved in respiration, whereas nitrogen is mainly incorporated in amino acids, proteins,
and DNA [41]. Throughout the metabolic process, the foraminifera are releasing the digested carbon and nitrogen in parts, such as
respiratory CO2 or excreta, to their surrounding environment [41,42]. The reduced metabolic activity of benthic foraminifera caused
by environmental stress is already discussed in various studies [35,43-45].

Iron led independently of concentration levels to increased metabolic activity. The increased carbon isotope uptake is depending on
the concentration level. In contrast to that, nitrogen uptake is comparable between c1 and c2. Iron is probably a limiting resource in the
main culture so its addition during the experiments promotes growth. In the world’s oceans, iron is also considered as limiting factor,
and seawater is featuring only a very small content of this HM [46]. Throughout the iron experiment, one possible adaptation reaction
could be that the carbon is diluted by a stronger nitrogen intake, and by the fact that the algae have an increased photosynthetic
activity. Following that, the algae assimilate more carbon at higher Fe concentrations, which are then available for the host.

In accordance to Lintner et al. [35], even increased levels of lead did not affect the food uptake. Applied lead concentrations do not
cause chances in metabolic activities at least for short periods of time.

The enrichment of zinc stimulates the foraminifera E. excavatum for slightly higher food uptake. In contrast to that, they showed a
statistical tendency, that a further increase of Zn concentration decreases the element uptake. At low HM concentrations, the speci-
mens showed a constant increase in isotopic carbon and nitrogen uptake over time. The amount of incorporated carbon and nitrogen
followed a logarithmic trendline (y = 0.017In(x) + 0.106; R2 = 0.85). This trend can be explained as uptake/acclimation of the
foraminifera to the lower concentration of zinc after day 3, followed by a saturation after day 5. Zn is known to act as essential trace
element at low concentrations also in other organisms. At high concentrations, the metabolism of H. depressa was strongly reduced.
Other studies have shown that Zn is released into the environment as ZnO nanoparticles, which are harmful to a variety of organisms
[33,47]. Lintner et al. [34] tested the influence of sunscreens containing such nanoparticles on H. depressa and they noticed ZnO as a
potential ingredient reduced the photosynthetic area of the symbionts.

4.2. The effect of heavy metals on the symbiont activity of H. depressa

According to the very similar results of the effect of metals copper, lead, and zinc at concentration level c1, it can be stated that the
lower enrichment is immaterial for the symbionts of H. depressa. No greater negative impact on the photoactive area could be observed.
However, on day 7, which is the longest observation period, the symbiont activity of the symbionts in the Cu, Pb, and Zn experiments is
above the control line. This can be explained due to the nutritious effect on foraminiferal health of slightly elevated concentrations.
Iron at concentration c1 needs to be considered as a calculation artifact, because the incubated individuals (Fe c1) were by mistake on
average larger than the other foraminifera at the start of the measurements. Thus, they also had a larger area of active chloroplasts,
which resulted in different values.

The effect of copper at concentration c2 is separated from the three other metals. The symbiotic activity starts to decrease from the
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beginning, which is due to the toxicity of this metal in such high concentrations. The symbiotic activity of H. depressa, which was in
contact with iron, lead, and zinc is at day 7 below the control line, which can be explained due to the higher stressful environment
compared to cl. Longer observation periods are needed to gain a better understanding of symbiotic behavior under the influence of
these heavy metals. We assume that the longer the observed period, the better the trend can be observed, because reproduction of
symbionts will intensity the effects.

5. Conclusions

We found various metabolic responses of HM additions to specimens of H. depressa. The selection of the type of metal was of
particular importance in the context of observe different adaptation behaviors of this LBF. Additionally, the choice of concentrations
and enrichment factors of the heavy metal contents compared to natural levels was crucial as well. At low concentrations of Cu and Zn,
C and N uptake was promoted indicating the nutritious properties of these trace metals. As a reminder, these concentrations reflect
natural levels of metals in pore water. By mixing events, these levels of metals can be released from the sediment, become available to
the foraminifera and can potentially increase their metabolism. However, at higher concentrations (very polluted environment), both
Cu and Zn induced toxic effects, as shown in a strong decrease in C and N uptake and reduction of the photosynthetic active area. In
contrast to that, Fe proved to be generally advantageous for foraminiferal health independent of the concentration level.
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