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Abstract: Coral reefs biodiversity and productivity are currently in decline due to the 
impacts of human activities, especially those associated with chemical pollutants, 
including metals. In this context, iron (Fe) contamination of coastal waters associated 
with land runoff and disasters associated with mining activities has drawn attention 
around the globe, especially in the Southern Atlantic coast. Fe is an essential metal 
involved in photosynthesis, respiration, and oxidative metabolism, which can thus 
influence parameters associated with photosynthesis and the activity of ATPases. 
Therefore, we evaluated the acute and chronic effects of Fe on the maximum quantum 
yield of photosystem II and carbonic anhydrase and Ca2+-ATPase activities in three 
corals species: Mussismilia harttii, Siderastrea sp., and Millepora alcicornis. Corals 
were maintained in control condition (no Fe addition in seawater) and acutely (4 
days—laboratory conditions) or chronically (up to 28 days—mesocosm conditions) 
exposed to different increments of Fe (0.1, 0.3, and 0.9 mg L−1) in seawater. The tested 
concentrations were selected based on the range of total and dissolved Fe 
concentrations observed in seawater in reef environments of the South Atlantic Ocean 
after the collapse of the Fundão mine dam occurred in Mariana (state of Minas Gerais, 
southeastern Brazil) in 2015. In the acute and chronic experiments, three and four 
replicates were performed for each experimental condition, respectively. In the acute 
exposure, all biological parameters were measured after 4 days of exposure. In the 
chronic exposure, the maximum quantum yield of photosystem II was measured at 5, 
10, 17, and 24 days of exposure while enzyme activities were analyzed at 14 and 28 
days of exposure. Results indicated that the maximum quantum yield of photosystem 
II was decreased by 20.5% (p < 0.05) in Mi. alcicornis exposed for 17 days to 0.1 mg 
L−1 Fe, when compared to the control condition at the same experimental time. Along 
the experimental time, it was decreased (p < 0.05) by 19.8% and 20.9% in Mu. harttii 
exposed for 24 days to 0.3 and 0.9 mg L−1 Fe, respectively. In Mu. harttii, carbonic 
anhydrase activity was reduced by 31.7% after acute exposure of corals to 0.3 mg L−1 
Fe and increased by 102.4% when they were exposed to 0.9 mg L−1 Fe. Also, carbonic  
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 anhydrase activity was reduced (p < 0.05) by 62.1% and 54.5% in Mi. alcicornis 
exposed for 14 days to 0.3 and 0.9 mg L−1 Fe, respectively. After 28 days of Fe 
exposure, no significant change is CA activity was observed in the three species of 
corals. Furthermore, Ca2+-ATPase activity of the three coral species was not altered 
by the Fe increments in seawater, regardless of the exposure time. Overall, our 
findings indicates that exposure to increments of Fe in seawater influenced the health- 
(maximum quantum yield of photosystem II) and growth-related (carbonic anhydrase 
activity) biomarkers evaluated. The observed effects were specific to the three coral 
species tested and highlight the need to test the impacts of the seawater contamination 
with Fe over longer exposure periods than those tested in the present study.  

 Keywords: calcification; coral reefs; environmental contamination; metal; Fundão 
dam collapse; Fv/Fm 

1. Introduction 

Coral reefs are ecosystems showing high productivity and biodiversity [1,2], occupying less than 1% of the 
ocean surface. However, because of their elevated structural complexity, they harbor approximately 32% of marine 
biodiversity [3]. This elevated diversity is responsible for providing essential ecosystem services, including 
fisheries, tourism, and coastal protection [4,5]. The Brazilian Province hosts the vast majority of the shallow-water 
coral reefs in the South Atlantic, displaying low species diversity but a high level of endemism [6,7]. The massive-
shaped species belonging to the Mussismilia, Siderastrea, and Montastraea genera are among the main reef 
builders in this region [8,9]. Calcifying hydrozoans (i.e., hydrocorals) belonging to the Millepora genus are the 
main structural complexity providers due to their branching morphology [10,11]. 

The calcification process carried out by some corals is an interesting process and relies on fine control for 
the formation of CaCO3, with the involvement of some enzymes, such as carbonic anhydrase and Ca2+-ATPase 
[12–17]. Calcification is also supported by the presence of dinoflagellate symbionts (Symbiodiniaceae family) 
[18], which are housed intracellularly by corals and aid in light-enhanced calcification [19,20]. This relationship 
is fundamental to the growth of carbonate structures and allows coral reefs to develop in environments with low 
nutrient supply. In general, the host coral provides CO2, inorganic nutrients produced by its metabolism, and 
greater protection against predation in the plankton. In contrast, symbionts offer photosynthetically-derived carbon 
that meet up to 100% of the host energetic requirements [20–22]. The health of the photosynthetic apparatus can 
be accessed based on a chlorophyll a fluorescence technique allowing easy assessment of the Symbiodiniaceae 
photosynthetic efficiency [23–25]. 

Local and global stressors are negatively affecting coastal coral reefs [26–29]. Anthropogenic stressors have 
promoted a progressive degradation of coral reef environments worldwide [30–32]. Organic and inorganic 
pollutants, including metals, has increasingly threatened the coral reef ecosystems worldwide [28,33,34]. Metals 
present in seawater are often originated from coastal runoff, sewage discharge, and mining activities [35–37]. In 
this context, environmental accidents involving the collapse of mining dams in Brazil have put the South Atlantic 
coral reefs at risk [38]. In November 2015, a great amount of iron ore tailings were released into the Doce River 
basin (Southeastern Brazil) as a consequence of the rupture of mining dam. Several months later, these tailings 
impacted the Abrolhos Reef Complex [38–41], the most important coral complex of the Southern Atlantic Ocean 
[8,42,43]. Metal contamination associated with the tailings plume has caused physiological impacts in corals from 
the Abrolhos Reef Complex [44]. Notably, an increased concentration of Fe in coral growth bands was observed 
in early 2016 [45]. Furthermore, along with the metal accumulation observed in corals, the evidence of elevated 
metal levels in surrounding water and sediments was reported [45,46]. 

At this point, it is worth noting that Fe plays a dual role in corals, depending on its concentration in 
surrounding water. At low concentrations, it serves as a crucial micronutrient for photosynthesis and metabolism, 
while becoming a potent toxicant when in excess [47,48]. Considering the background described above on the 
high levels of Fe contamination in reef environments and the Fe duality in corals and their symbionts, this metal 
was selected as the target contaminant to be tested in the present study. 

Exposure to high concentrations of metals can cause cellular damage, bleaching, and hamper the calcification 
process in corals [49–54]. High concentrations of metals in coastal ecosystems is also responsible for the increased 
sensitivity of coral reefs to global stressors [23,55–58]. Tissue bioaccumulation of Fe can generate free radicals 
and lead to a condition of oxidative stress [59–62]. Excessive concentrations of this metal is capable of generating 
free radicals due its role in oxidation and reduction cycles, mainly in the presence of H2O2, generating even more 
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unstable and toxic reactive species. It is well known that ROS can cause several biological injuries, including 
enzyme activity inhibition [60,63]. Additionally, it is reported that metals, including essential metals like Fe, can 
directly bind to important functional groups of enzymes (thiol and histidyl groups), as well as replace the enzyme 
cofactors, such as Zn2+ in the case of CA [64–66]. 

Therefore, parameters involved in the calcification process (carbonic anhydrase and Ca2+-ATPase activity), 
as well as those related to the photosynthesis process (maximum quantum yield of photosystem II) carried out by 
the symbiotic dinoflagellates, are key biomarkers of metal exposure [23–25,67] with a significant ecological 
relevance, as they are early-warning indicators of coral reef health and development [68–71]. Therefore, we 
assessed the impacts of the exposure to increments of Fe in seawater on the maximum quantum efficiency of 
photosystem II and enzyme (carbonic anhydrase and Ca2+-ATPase) activity, as proxies of health and growth, in 
three species of corals, the hydrocoral Mi. alcicornis and the scleractinian corals Siderastrea sp. and Mu. harttii. 
We hypothesize that increasing Fe concentrations impair coral photosynthetic efficiency and calcification-related 
enzyme activity in a species-specific manner. 

2. Materials and Methods 

2.1. General Aspects 

The hydrocoral M. alcicornis and scleractinian corals Mu. harttii and Siderastrea sp. used in the experiments 
were obtained from the Recife de Fora (−16.402901, −38.982132; Northeastern Brazil) by scuba diving at a depth 
of 3–4 m. Genotypic diversity was ensured and maximized by collecting coral colonies at distances from each 
other [72]. After collection, corals were immediately brought to the laboratory and the marine mesocosm system 
(Coral Vivo Project (Porto Seguro, BA, Northeastern Brazil). 

The impacts of exposing corals to increments of Fe in seawater were assessed through two experiments: (i) 
short-term exposure under controlled laboratory conditions; and (ii) long-term exposure in a mesocosm system. In 
both experiments, we tested four different increments of Fe concentration in seawater (nominal concentrations): 0 
(control), 0.1, 0.3, and 0.9 mg L−1. The range of tested concentrations brackets the typical concentrations of Fe in 
natural seawater [73] and those observed following severe pollution events [46,74]. Few months after the Fundão 
dam collapse, total Fe concentrations were close to or higher than 1 mg L−1 in the Doce River mouth [74,75]. 
Regarding dissolved Fe concentrations, they still exceeded 0.8 mg L−1 in the continental shelf 4 years after the 
disaster [76]. In the Abrolhos reef, the mean values of total Fe concentration in surface and bottom water from 
four sampling sites ranged from 0.024 to 1.149 mg L−1 over the six-year period of monitoring performed by the 
Programa de Monitoramento da Biodiversidade Aquática [77]. 

2.2. Acute Exposure to Fe 

This experiment was performed with twelve 70-L glass aquaria, all connected to a 1200-L recirculating 
system. Therefore, a closed and independent setup was used for the acute experiment. In each aquarium, seawater 
temperature was kept constant (28 °C), with a 300-W heater (Aquael Platinum Heater). Seawater pH and salinity 
was monitored using portables pH meter (Gehaka, Brazil) and refractometer (Soma, Brazil), respectively. Lighting 
was kept constant (~120 µmol photons m−2 s−1) using Maxspect MJ-LI 65 (65 W) lamps. The light-dark regime 
was 12:12. In each aquarium, the circulation and filtration of seawater was carried out using a pump and a 
mechanical filter. Synthetic reconstituted seawater adjusted to a salinity of 35 ppt was employed. 

For this experiment, thirty-six fragments of each coral species were used. They were preconditioned to the 
control condition for 1 day, and further subjected to the 4-day experimental period. For each experimental 
condition, three aquaria (experimental units) were used. Each replicate was performed with three fragments of 
each coral species (n = 3 fragments per aquarium × 3 replicates = 9 biological replicates per treatment for each 
coral species). At the beginning (time 0) and after 4 days of experiment, samples belonging to the different 
treatments were collected. The collected samples were immediately frozen and kept at −80 °C for further analysis. 

2.3. Chronic Exposure to Fe 

The chronic exposure experiment was performed using a semi-open flow-through experimental system at the 
Coral Vivo research facilities. This marine mesocosm system consists of 16 tanks (130 L each) receiving seawater 
from a nearby reef (Mucugê reef). Thus, this experimental system is able to simulates the natural environmental 
conditions found at Recife de Fora reef, both in biodiversity and water parameters [78,79].  

In each tank of the mesocosm system, a simulated reef environment was set up, comprising the corals 
Mussismilia harttii, Siderastrea sp., and Millepora alcicornis, along with other reef organisms (zoanthids, 
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rhodoliths, turf algae, macroalgae, ophiuroids, and dusky damselfish). Each treatment (experimental condition) 
consisted of four replicates. This setup was part of a broader experimental framework designed to evaluate the 
influence of Fe increment in seawater on various groups of reef organisms and their ecological interactions [79]. 

Forty-eight fragments of each coral species (n = 3 fragments per tank × 4 replicates = 12 biological replicates 
per treatment) were used in this experiment. Corals were subjected to a 7-days preconditioning period and then 
exposed to the designated levels of Fe increment in the mesocosm seawater. An iron chloride (FeCl3) solution, 
prepared with seawater and 24 h before use, was continuously pumped from a 1000-L plastic reservoir into the 
seawater flowing into the experimental tanks. The iron chloride solution was pumped at different ratios to reach 
the desired Fe concentration to be tested [79]. Coral fragments (n = 4; one fragment per experimental unit for each 
coral species) were sampled at different exposure times: before (1 day) and after (14 and 28 days) the beginning 
of the experiment. Tested coral fragments were frozen and stored (−80 °C) for further analysis. 

2.4. Monitoring of the Experimental Medium Conditions 

Two times a day (06:00 and 18:00), we used a mercury thermometer and the portable refractometer to monitor 
the temperature and salinity of the experimental media of the acute experiment, respectively. In the mesocosm 
system, seawater conditions were measured at 6 h, 12 h, 18 h, and 24 h. Salinity, temperature, O2 concentration, 
and pH were monitored using the portable refractometer, mercury thermometer, a hand-held oximeter (model 
MO900, Instrutherm, São Paulo, Brazil), and the portable pH meter, respectively. The volume of seawater flowing 
into each experimental unit (8–10 L min−1) was measured using a TM050 flowmeter (GPI, Houston, TX, USA). A 
shade cloth was used to kept constant (~200 µmol photons m−2 s−1) the solar radiation reaching the experimental units. 

In both experiments, Fe concentrations in the experimental media were measured using a hand-held 
photometer (AKSO, São Leopoldo, Brazil). Measurements were performed at 06h and 18h. Whenever needed, 
adjustments in the Fe concentrations of the test aquaria (acute experiment) were performed manually. In the 
mesocosm (chronic) experiment, peristaltic pumps were used to deliver the appropriate volume of the Fe standard 
solution and thus maintain the desired Fe concentrations in the experimental units. In both experiments, water from 
the experimental media were collected, acidified (1% final concentration) with ultrapure HNO3 (Merck, Darmstadt, 
Germany), and stored (~2.5 °C) until analysis. Non-filtered water seawater samples were used for measurement 
of the total Fe concentration. In turn, filtered (0.45 μm-mesh filter) seawater samples were employed for 
quantification of the dissolved Fe concentration. Fe concentrations (total and dissolved) were determined by mass 
spectrometry (ICP-MS, Analytik Jena, Germany) using a calibration curve (r2 = 1.00). A commercial (Merck, 
Germany) standard solution (1.0 g L−1 Fe) was employed to prepare the calibration curve. The limit of detection 
(LOD) corresponded to 0.033 µg L−1 and the relative standard deviation (%RSD) of measurements was 2.1%. The 
procedures used in the Fe analysis were as previously described [79]. 

2.5. Health-Related Biomarker 

The maximum quantum yield of photosystem II was used as a proxy of coral health. It was measured using 
an underwater pulse-amplitude modulated (PAM) fluorometer (diving-PAM, Heinz Walz, Effeltrich, Germany). 
The initial fluorescence signal (Fo) was obtained using a weak pulsed light (<1 µmol photons m−2 s −1). In turn, 
the maximal fluorescence level (Fm) was determined using a short saturating pulse of actinic light. The variable 
fluorescence (Fv) was calculated from Fm–Fo, and the maximum quantum efficiency of photosystem II was 
obtained from the ratio Fv/Fm. The diving-PAM system was configured with the following parameters: measuring 
light intensity = 6; saturation pulse intensity = 8; saturation pulse width = 0.8, gain = 1; and damping = 1. 
Measurements were performed in triplicate and the average among them was used to minimize the chance of 
inaccurate values due to slight variation in probe position. 

In the laboratory (acute) experiment, measurements were performed immediately after coral preconditioning 
(T0) and 4 days after exposure to the experimental conditions. In the mesocosm (chronic) experiment, 
measurements were performed at 0, 5, 10, 17, and 24 days after exposure to the experimental conditions. 
Procedures employed for measuring Fv/Fm values were as previously described [23]. For measurements of the 
minimum and maximum fluorescence levels used to calculate the Fv/Fm values, the coral fragments were 
subjected to a dark acclimation period (1 h). This was necessary to ensure that the photosystem II was momentarily 
inactive, ensuring that all remaining chlorophyll a fluorescence from the photosynthetic process had dissipated, 
and that the reaction centers were capable of performing their maximum photochemistry [80]. 
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2.6. Growth-Related Biomarkers 

Enzyme (CA and Ca2+-ATPase) activities were used as proxies of coral growth. The procedures employed 
for sample preparation were as previously described [54,81]. Small fragments were cut (~0.2 g) and homogenized 
on ice with a buffer solution (1:1; w/v). For this, coral fragments were sonicated at 70 kHz (Sonaer Ultrasonics, 
Melville, NY, USA). For CA, the buffer solution contained 0.01 M tris(hydroxymethyl)aminomethane (pH 8.5), 
0.075 M sucrose, 0.001 M phenylmethanesulfonylfluoride, and 0.001 M dithiothreitol. For Ca2+-ATPase, the 
buffer solution consisted of 0.1 M tris hydrochloride (pH 7.6), 0.5 M sucrose, 0.001 M 
phenylmethanesulfonylfluoride, and 0.001 M dithiothreitol. In both cases, sample homogenized were subjected to 
centrifugation (20 min at 10,000× g) at 4 °C. Enzyme activity was measured in the homogenized supernatant and 
normalized by its content of total proteins. Protein content in the homogenized supernatant was measured with an 
assay kit (Sigma-Aldrich, USA) prepared according to the method described by Bradford [82]. 

Measurement of CA activity was conducted according to procedures already described [83]. The homogenate 
supernatant (enzyme source) was pipetted into a buffer solution containing 0.01 M tris(hydroxymethyl)aminomethane 
(pH 8.5), 0.075 M sucrose, 0.225 M mannitol, and 0.01 M phosphate. The enzyme substrate was prepared by 
saturating ultrapure water with CO2. Every 5 s over 30 s, the reaction medium pH was determined. Blank reactions 
(reaction buffer solution and enzyme substrate) were also performed and used to calculate the pH variation only 
associated with the enzyme activity. The resulting pH values were plotted against time and CA activity (units of 
CA mg−1 protein) was determined based on the linear regression slope value. 

Ca2+-ATPase activity was performed following procedures already described [63]. The enzyme activity was 
determined used a reaction medium containing 0.02 mM tris hydrochloride (pH 7.6), 0.189 M NaCl, 0.005 M 
MgCl2, 0.005 M CaCl2, 0.001 M ouabain, and 0.003 M ATP. The concentration of inorganic phosphate (Pi) 
resulting from the enzymatic reaction was quantified with a phosphate assay kit (Sigma-Aldrich, St. Louis, MO, 
USA). The Pi and protein contents in the reaction medium and the reaction time were used to calculate the enzyme 
activity (mmol Pi mg−1 protein min−1). 

2.7. Statistical Evaluation 

Data on the maximum quantum yield of the photosystem II and enzyme activities are presented as mean 
values (±standard error). Analysis of variance (ANOVA) assumptions were verified and no data transformation 
was required. Data normality was checked using the normal probability plot for raw residuals. Homogeneity of 
variances was checked using the Cochran C test. For each coral species, the Fe concentration effect on the 
maximum quantum yield was tested using one-way (acute experiment) or two-way (chronic experiment) ANOVA 
followed by the Fisher’s post-hoc test for multiple comparisons. The Fe concentration effect on the CA and Ca2+-
ATPase activity was also verified through one-way ANOVA followed by the Fisher’s post-hoc test for multiple 
comparisons. This analysis was performed for every exposure time. The significance level was at p < 0.05. The 
software Statistica 7.0 (StatSoft, Tulsa, OK, USA) and SigmaPlot 11.0 (Systat Software, Chicago, IL, USA) were 
used to perform the statistical analyses and build the graphs, respectively. 

3. Results 

3.1. Physical and Chemical Conditions 

In the laboratory (acute) experiment, mean values (±SE) of seawater temperature, salinity, and pH 
corresponded to 27.2 ± 0.01 °C, 31.6 ± 0.51 ppt, and 8.23 ± 0.14, respectively. In the mesocosm (chronic) 
experiment, mean values (± SE) of seawater temperature, salinity, pH, and O2 concentration corresponded 28.6 ± 
0.12 °C, 35.2 ± 0.08 ppt, 8.33 ± 0.01, and 5.94 ± 0.12 mg L−1. 

Regarding Fe concentration, blank seawater samples collected in the Recife de Fora and Mucugê reefs were 
analyzed. Mean values of total and dissolved Fe concentrations were 0.019 ± 0.003 and 0.017 mg L−1, respectively. 
For both experiments, procedural blanks were performed and results indicated no significant contamination of 
seawater associated with the infrastructure used in the laboratory and mesocosm. In both experiments, seawater 
contamination with Fe was prevented using only Fe-free equipment and materials, including the experimental 
tanks and pumps. Furthermore, all mesocosm structure (pumps, pipes, containers, and experimental tanks) were 
made of plastic material. In the laboratory (acute) experiment, mean values (±SE) of total Fe concentration in 
seawater samples from the procedural blank before and after the experimental period (4 days) corresponded to 
0.020 ± 0.002 and 0.023 ± 0.001 mg L−1, respectively. Regarding dissolved Fe concentration, they were 0.018 ± 
0.003 and 0.017 ± 0.004 mg L−1, respectively. In the mesocosm (chronic) experiment, mean values (±SE) of total 
Fe concentration in seawater samples from the procedural blank before and after passing the mesocosm system 
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corresponded to 0.021 ± 0.001 and 0.022 ± 0.002 mg L−1, respectively. Regarding dissolved Fe concentration, they 
were 0.020 ± 0.002 and 0.019 ± 0.001 mg L−1, respectively. 

In the laboratory (acute) experiment, mean values (± SE) of total Fe concentration in the experimental media 
were 0.023 ± 0.002, 0.101 ± 0.003, 0.314 ± 0.007, and 0.904 ± 0.006 mg L−1 for the nominal increments of Fe in 
seawater of 0 (control), 0.1, 0.3, and 0.9 mg L−1, respectively. In turn, the dissolved Fe concentration corresponded 
to 0.017 ± 0.001 mg L−1, 0.085 ± 0.004 mg L−1, 0.268 ± 0.013 mg L−1, and 0.857 ± 0.012 mg L−1, respectively. 
Regarding speciation, the measured concentration of dissolved Fe corresponded to 75.2%, 84.2%, 85.2%, and 
94.7% of the measured total concentration of Fe in seawater, respectively. 

In the mesocosm (chronic) experiment, mean values (±SE) of total Fe concentration in the experimental media 
were 0.022 ± 0.002, 0.118 ± 0.004, 0.323 ± 0.005, and 0.911 ± 0.010 mg L−1 for the nominal increments of Fe in 
seawater of 0 (control), 0.1, 0.3, and 0.9 mg L−1, respectively. In turn, the dissolved Fe concentrations corresponded 
to 0.020 ± 0.0007 mg L−1, 0.099 ± 0.0028 mg L−1, 0.300 ± 0.0045 mg L−1, and 0.871 ± 0.0107 mg L−1, respectively. 
Regarding speciation, the measured concentration of dissolved Fe corresponded to 99.7%, 85.4%, 93.3%, and 95.7% 
of the measured total concentration of Fe in seawater, respectively. At the lower concentrations of Fe tested, higher 
levels of dissolved Fe were observed in the mesocosm (chronic) experiment than in the laboratory (acute) experiment, 
suggesting that a possible accumulation or loss can be occurred in the acute experiment. 

3.2. Effects of Fe on Biomarkers 

Mean values for all biological parameters analyzed in each coral species and experimental condition tested 
in the laboratory (acute) experiment are shown in Table S1. The maximum quantum yield of the photosystem II 
was not influenced by the acute exposure to seawater containing increased levels of Fe. This was observed for the 
three species of tested corals (Figure 1A; Table S2). Also, CA activity was not affected in Siderastrea sp. and M. 
alcicornis. In M. harttii, CA activity was reduced by 31.7% after exposure to 0.3 mg L−1 Fe and increased by 
102.4% after being exposed to 0.9 mg L−1 Fe (Figure 1B; Table S2). The Ca2+-ATPase activity of the three tested 
coral species was not altered in any of the Fe concentrations tested (Figure 1C; Table S2). 
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Figure 1. Biomarkers in the corals Mussismilia harttii, Siderastrea sp., and Millepora alcicornis: (A) maximum 
quantum yield of the photosystem II, (B) carbonic anhydrase activity, and (C) Ca2+-ATPase activity. Corals were 
exposed to different levels of increments of Fe concentration in the aquarium seawater under controlled laboratory 
conditions for 4 days. Vertical bars and lines represent mean values and standard errors (n = 3), respectively. For 
each coral species, different letters indicate significant differences (p < 0.05) between the experimental groups. 
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Mean values for all biological parameters analyzed in each coral species and experimental condition tested 
in the mesocosm (chronic) experiment are shown in Table S3. The maximum quantum yield of the photosystem II 
was not affected after chronic exposure of Mu. harttii (Figure 2A; Table S4), Siderastrea sp (Figure 2B; Table S4), 
and Mi. alcicornis (Figure 2C; Table S4) to the increased levels of Fe. Only a 20.5% reduction was observed in 
Mi. alcicornis exposed for 17 days to 0.1 mg L−1 Fe, when compared to the control condition at the same 
experimental time (Figure 2C; Table S4). Also, Mu. harttii exposed to seawater with increased levels of Fe tended 
to display reduced values of the maximum quantum yield of the photosystem II along the experimental time. In 
this case, lower values were observed 24 days after the coral exposure to 0.3 mg L−1 Fe (19.8% reduction) and  
0.9 mg L−1 Fe (20.9% reduction) (Figure 2A; Table S4). 
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Figure 2. Maximum quantum yield of the photosystem II in reef-building corals: (A) Mussismilia harttii, (B) 
Siderastrea sp., and (C) Millepora alcicornis. Corals were exposed to different levels of increments of Fe 
concentration in the mesocosm seawater for up to 24 days. Vertical bars and lines represent mean values and 
standard errors (n = 4), respectively. Different small letters indicate significant differences (p < 0.05) between the 
experimental groups for the same exposure time. Different capital letters indicate significant difference (p <0.05) 
between the exposure times for the same experimental condition. 

Regarding enzyme activities, CA activity was not affected after chronic exposure of Mu. harttii (Figure 3A; 
Table S4) and Siderastrea sp. (Figure 3C; Table S4) to seawater containing increased levels of Fe. However, it 
was reduced in Mi. alcicornis exposed for 14 days to 0.3 mg L−1 Fe (62.1% reduction) and 0.9 mg L−1 Fe (54.5% 
reduction) (Figure 3B; Table S4). In the three coral species, Ca2+-ATPase activity was not influenced by the 
exposure to seawater with increased levels of Fe (Figure 4; Table S4). 
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Figure 3. Carbonic anhydrase activity in reef-building corals: (A) Mussismilia harttii, (B) Siderastrea sp., and (C) 
Millepora alcicornis. Corals were exposed to different levels of increments in Fe concentration in the mesocosm 
seawater for 14 and 28 days. Vertical bars and lines represent mean values and standard errors (n = 4), respectively. 
For each coral species, different letters indicate significant differences (p < 0.05) between the experimental groups 
for the same exposure time. 
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Figure 4. Ca2+-ATPase activity in reef-building corals: (A) Mussismilia harttii, (B) Siderastrea sp., and (C) Millepora 
alcicornis. Corals were exposed to different levels of increments in Fe concentration in the mesocosm seawater for 14 and 
28 days. Vertical bars and lines represent mean values and standard errors (n = 4), respectively. For each coral species, 
different letters indicate significant difference (p < 0.05) between the experimental groups for the same exposure time. 
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4. Discussion 

4.1. Acute versus Chronic Effects 

Integration of findings from the acute (laboratory) and chronic (mesocosm) experiments performed here 
clearly indicate that the major effects of incremented levels of Fe in seawater on coral health- and growth-related 
parameters are observed only after an exposure period longer than 4 days. Indeed, significant changes in the 
maximum yield of the photosystem II was only observed after the longer period of exposure tested (28 days). In 
this case, a significant reduction over the exposure time was observed at the higher concentrations of Fe tested (0.3 
and 0.9 mg L−1). However, this response was only observed in one of the three species of corals tested (Mu. harttii). 

The influence of excessive levels of Fe on the photosynthetic process remains contradictory. For instance, Fe 
exposure has been shown to reduce symbiont density and nitrogen fixation in corals [84,85]. In plants, excessive 
Fe concentrations may lead to deficiencies of other essential nutrients for photosynthesis, such as Mn, P, K, Ca, 
and Mg [86,87], along with reductions in chlorophyll and carotenoid contents [88]. On the other hand, other reports 
have pointed out the importance of Fe in the primary producer’s metabolism and growth [89]. This metal play an 
essential role as enzyme cofactor in the photosynthesis and respiration processes [90,91], resulting in increased 
growth rate of Symbiodiniaceae dinoflagellates [92–94] and respiration rate in corals [95]. 

Regarding the growth-related biomarkers, the only acute effect observed was an increased CA activity in the 
scleractinian coral Mu. harttii. However, it is worth noting that this inhibitory effect was only observed in this 
species and only in one of the three increments in Fe concentration tested (0.3 mg L−1). Furthermore, it is important 
to stress that this inhibitory effect was not observed after a long period of exposure (14 and 18 days) in the 
mesocosm system. Also, a transitory significant change in CA activity was observed in the hydrocoral Mi. 
alcicornis chronically exposed to the higher increments of Fe concentration tested. 

The findings reported above, clearly indicate that the responses of the health- and growth-related biomarkers 
evaluated in the present study are species-specific and markedly dependent on the time of exposure to incremented 
levels of Fe in seawater. Therefore, future field-relevant studies considering longer periods of time (>28 days) are 
key to better evaluate the potential ecological effects of elevated concentrations of Fe in seawater in corals  
and hydrocorals. 

4.2. Enzyme-Specific Effects 

Results from both acute and chronic experiments performed in the present study indicate that only CA had 
its activity affected by the incrementing levels of Fe in seawater. Tissue bioaccumulation of Fe can generate free 
radicals and lead to a condition of oxidative stress [59–62]. This essential metal is capable of generating free 
radicals due its role in oxidation and reduction cycles, mainly in the presence of H2O2, generating even more 
unstable and toxic reactive species. It is well known that ROS can cause several biological injuries, including 
enzyme activity inhibition [60,63]. Unfortunately, measurement of ROS and oxidative damage (lipid peroxidation 
and protein oxidation) were not evaluated in the present study. Therefore, a direct link between Fe-induced 
oxidative stress and CA activity inhibition could not be demonstrated here. Future work considering the analysis 
of these parameters under scenarios of incrementing concentrations of Fe in seawater would help to confirm the 
possible direct relationship between oxidative stress and CA activity inhibition in corals. 

Interestingly, a recovery of the CA was observed in the hydrocoral Mi. alcicornis after 28 days of exposure 
to Fe. In fact, no influence of Fe exposure was observed in the three coral species after 28 days of experiment, 
regardless the Fe concentration tested. In corals, the activities of enzymes involved in energy metabolism 
(glycolytic pathway, Krebs cycle, and electron transport chain) were shown to be inhibited after acute exposure to 
Cu [58], an essential metal like Fe. However, as observed for CA, enzyme activities were fully recovered after a 
long period of exposure to the metal [58]. A recovery of energetic conditions could induce antioxidant defense 
mechanisms in corals [84]. In fact, a prolonged exposure (12 days) of M. harttii to an essential metal (Cu) increased 
the activity of antioxidant enzymes [96]. Such physiological response could thus explain the reduced oxidative 
damage observed in this coral species exposed to increments of Fe in seawater [97], as well as the recovery of CA 
activity observed here. 

In reef-building corals, Ca2+-ATPase plays a crucial role in calcification. It transports Ca2+ to the sites of 
calcification and thus contributing to the formation of CaCO3 for the skeleton [13,16]. This enzyme has been used 
as a tool to assess the health of the biomineralization process in calcifying invertebrates [54,67,98,99]. The effects 
of Cu, an essential metal like Fe, on the activity of ATPases, including Ca2+-ATPase, have been documented for 
several groups of organisms [98,100–102], including corals [23,67]. Ca2+-ATPase activity of the coral species 
tested here was not affected by the increments of Fe in seawater. This result was observed after either acute or 
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chronic exposure to the metal. This finding indicates a low sensitivity of Ca2+-ATPase activity to Fe, contrary to 
what is observed for Cu, an essential metal like Fe. 

4.3. Ecological Implications 

The three coral species studied here are known to display different growth morphology [103,104] and exhibit 
varying degrees of tolerance to anthropogenic stressors. Within the South Atlantic context, Mi. alcicornis and Mu. 
harttii may be considered more sensitive, while Siderastrea spp. are often considered stress-tolerant [105–109]. 
However, in general, our findings show that the coral species evaluated in the present study were differentially 
and only transitorily affected with the increments of Fe in seawater. This may be attributed to the fact that Brazilian 
reefs develop under a marginal oceanographic setting [110]. The numerous river discharges along the continental 
shelf result in elevated turbidity and nutrient concentrations, creating challenging conditions for reef establishment 
[103,104,111–113]. 

Our findings with Fe agree with the fact that seawater contamination with Cu, another essential metal, 
negatively influenced the photosynthetic apparatus in Mu. harttii [114]. Furthermore, it has been recently 
demonstrated in corals that photosynthesis, calcification enzymes, and oxidative status parameters were negatively 
affected by exposure to Fe and Cu [81,115–117]. Also, coral competing with macroalgae and zoantharians was 
also reported to influenced by incremented concentrations of Fe in seawater [118]. It is important to stress that 
these effects can lead to major ecological impacts associated with the health and growth of corals and hydrocorals. 
As they are main reef builders and structural complexity providers [28–31], negative impacts of essential metals 
can lead to marked changes in reef structure and biodiversity (Figure 5). This is especially concerning if we 
consider that the increasing threats from global stressors can exacerbate the toxicity of essential metals such as Cu 
and Fe in corals [119–122]. Therefore, future studies focused on this matter are key to further elucidate the 
physiological and ecological effects of increased levels of essential metals (Fe and Cu) in seawater on corals under 
environmentally relevant actual and future scenarios. Information from these studies, integrated with those already 
reported, will certainly help to implement and/or improve the coral management and conservation strategies. 

 

Figure 5. Conceptual figure summarizing the mechanistic links among exposure to increased concentrations of 
essential metals (Fe and Cu) in seawater, oxidative stress, photosynthetic efficiency (Fv/Fm), carbonic anhydrase 
(CA) activity, and potential ecological effects in corals and hydrocorals. 

5. Conclusions 

The dissolved Fe concentrations tested in the present study reflect both natural levels of this metal commonly 
found in marine environments and those reported following large-scale contamination events. Our findings 
indicate that, under the current experimental conditions, Fe exposure induced limited but measurable changes in 
photosystem efficiency and carbonic anhydrase activity, suggesting tolerance within short-term exposures yet 
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highlighting the need for multi-stressor investigations. Also, our findings indicate that the responses of the health- 
and growth-related biomarkers affected by the incrementing levels of Fe in seawater are species-specific and 
dependent on the exposure time. Therefore, future field-relevant studies considering longer chronic periods of 
exposure and the evaluation of mixtures of metals (e.g., Fe and Cu) are key to better evaluate the potential 
ecological effects of seawater enrichment with essential metals in corals and hydrocorals. 

Supplementary Materials 

The additional data and information can be downloaded at: https://media.sciltp.com/articles/others/2512190 
936460730/EESUS-25100053-SM-FC1.pdf. Table S1: Mean values (±standard error; n = 3) for all biological 
parameters analyzed in each coral species and experimental condition tested in the laboratory (acute) experiment: 
maximum quantum yield of the photosystem II (Fv/Fm), carbonic anhydrase (CA) and Ca2+-ATPase activity. 
Table S2: One-way analysis of variance results for data on the maximum quantum yield of the photosystem II and 
the activity of enzymes involved in the calcification process in the three coral species exposed to increments in the 
Fe concentration of the aquarium seawater under laboratory conditions for 4 days. Significant p values are marked 
in bold. Table S3: Mean values (±standard error; n = 4) for all biological parameters analyzed in each coral species 
and experimental condition tested in the mesocosm (chronic) experiment: maximum quantum yield of the 
photosystem II (Fv/Fm), carbonic anhydrase (CA) and Ca2+-ATPase activity. Table S4: One-way analysis of 
variance results for data on the maximum quantum yield of the photosystem II and the activity of enzymes involved 
in the calcification process in the three coral species exposed to increments in the Fe concentration of the 
mesocosm seawater for 14 and 28 days. Significant p values are marked in bold. 
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