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Abstract  
Phytoplankton play a vital role in global carbon cycling and climate regulation by sequestering 
atmospheric CO2 through the biological carbon pump. While light is a primary limiting factor for 
phytoplankton growth, trace metals, particularly iron, can also limit primary productivity in significant 
portions of the ocean. Despite iron's abundance in Earth's crust, its bioavailability in oceanic waters is 
minimal due to its solubility characteristics. This study investigates differences in metal budgets of 
Phaeocystis antarctica and Chaetoceros simplex, under low light and high light conditions and 
temperature ranges of 2°C and 5°C. The effects, measured using an ICP-MS, reveal Species-specific 
differences; the smaller P. antarctica demonstrated higher iron budgets (relative to phosphorus) compared 
to larger diatoms C. simplex. The results also reveal increased iron-to-phosphorus ratios in both species at 
low light, indicating a higher iron requirement for photosynthesis; this iron requirement was found to 
increase at higher temperature under low light conditions. These findings highlight the complex interplay 
between light, temperature, and trace metal availability in regulating phytoplankton growth and 
productivity. The study emphasizes the need for additional in vivo data and in situ research, particularly to 
clarify the poorly understood effects of temperature on iron-light co-limitation. This understanding is 
crucial to understand trace metal dynamics in natural marine environments and their implications for 
marine ecosystem function. 
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Introduction  

Limitation of trace metals in open ocean 
The productivity of phytoplankton plays a crucial role in regulating global climate by absorbing carbon 
dioxide from the atmosphere and sequestering it into the ocean through the biological carbon pump. Light 
has been found to be the main limiting factor for phytoplankton growth  [1][5]. However, as irradiation 
increases, the main limiting factor shifts from light towards other factors. Iron has been found to be a 
limiting factor for primary productivity in approximately one-third of the world's oceans. At the time of 
these findings this was rather surprising, considering that iron is the fourth most abundant element in 
Earth's crust and is needed only in trace amounts by organisms [3]. However, the bioavailability of iron in 
aquatic environments is extremely low. Iron exists in two important forms in nature: Fe(II) and Fe(III). 
Fe(II) is more easily dissolved in water and reacts more readily, while Fe(III) is less soluble and tends to 
form solid particles, making it harder for organisms to use [2]. In most aquatic environments where 
phytoplankton are found, which are characterized by oxic conditions and near-neutral pH, iron primarily 
exists in the form of Fe(III). As a result, dissolved iron concentrations in open ocean waters are extremely 
low, often reaching sub-nanomolar levels [3]. Iron (Fe) has been found to be the most important limiting 
trace metals, but others include manganese (Mn), zinc (Zn), copper (Cu), cobalt (Co) and nickel 
(Ni)[1].These metals serve as cofactors for enzymes involved in critical biochemical processes.  

Biochemical importance of trace metals  
Iron is the most limiting trace metal, because of its involvement in several key processes. The 
photosynthetic electron transport chain relies heavily on iron, which is integral to both photosystems. In 
photosystem II (PSII), 2–3 iron atoms are present, while photosystem I (PSI) contains around 12 iron 
atoms, making PSI the primary iron reservoir in phytoplankton [4]. Additionally, iron plays a role in 
cytochrome c and cytochrome b6f, both of which are iron-containing proteins that participate in the 
electron transfer processes of both photosynthesis and respiration. Beyond its involvement in energy 
metabolism, iron is a structural component of key enzymes as its essential in the function of superoxide 
dismutase (Fe-SOD), an enzyme that helps neutralize superoxide, a reactive oxygen species [5]. Due to 
these roles, iron is believed to be a key factor in controlling the ocean's carbon and nitrogen cycles, 
including the biological transfer of carbon to the deep ocean, known as the biological CO2 pump, which 
plays an important role in regulating atmospheric CO2 levels and CO2-related global warming [6] 
 
As for the other biochemical important trace metals, Manganese is biochemically very similar to iron; 
both are crucial for photosynthesis as a cofactor in the oxygen-evolving complex of photosystem II, and 
both act as cofactors in the scavenging of reactive oxygen species (ROS). While manganese and iron 
share these critical roles, iron limitation has more severe effects on phytoplankton growth and 
photosynthetic activity compared to manganese limitation [7]. Zinc is mostly important for the synthesis 
of enzymes and proteins involved in carbon fixation and metabolism. Similar to Iron and Manganese, 
Copper acts as a cofactor for key enzymes in electron transport and oxidative stress responses, necessary 
in even smaller amounts then Fe en Mn [8]. Cobalt is a component of vitamin B12, essential for carbon 
and nitrogen metabolism; deficiencies affect nitrogen assimilation [9]. Lastly Nickel is required for urease 
and other enzymes in nitrogen metabolism, influencing nitrogen assimilation [10]. Compared to Fe, these 
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trace metals have a very small impact on overall productivity. However, they can significantly affect the 
species composition of algal communities due to the varying metal requirements among different species 
[6]. 

Relation between oceanic metal concentration and in vitro metal requirements 
The oceanic trace metal concentration and trace metal requirements (or budgets) are very similar. This is 
an effect of interactions between trace metals and ocean plankton being reciprocal: not only do the metals 
control the plankton, but the plankton regulate the distribution and abundance of metals in the ocean. 
There are however other factors such as geological processes, hydrothermal venting, atmospheric 
deposition, and human activities that contribute to the distribution and abundance of metals in the ocean 
[1]. These factors create the disparity between the metal budget in plankton and ocean trace metal 
concentrations [6].  

Researchers study trace metal budgets in phytoplankton to understand their metal requirements, uptake 
mechanisms, and how metal availability influences phytoplankton growth and ecosystem dynamics. 
Experimental approaches include in-vitro laboratory culture experiments [11], in-situ field observations 
[12], and mathematical modeling [13] to elucidate the role of trace metals in phytoplankton physiology 
and their impact on marine biogeochemical cycles. Understanding trace metal budgets in phytoplankton is 
crucial not only for comprehending marine ecosystem dynamics but also for predicting how 
phytoplankton productivity and community structure might respond to environmental changes, such as 
ocean acidification, warming, and nutrient input alterations, which can affect trace metal availability and 
thus phytoplankton growth [1][14]. Most articles agree that there is primarily a lack of knowledge on in 
situ phytoplankton communities and trace metals, which results from a lack of parallel data on trace 
metals and community composition [15].  

While culture studies are valuable for investigating trace element quotas, applying these findings to 
natural environments has several limitations. First, cultured species do not always represent the full range 
of those in natural communities. Second, species can evolve significantly in culture over time, especially 
those isolated from the wild for extended periods. Third, culture conditions cannot fully replicate the 
diverse physical, chemical, and biological factors affecting metal availability in the field. Finally, 
monospecific cultures only show how individual species’ quotas change with conditions, without 
addressing how different species with varying quotas interact and replace each other in different 
environmental settings. Of the limited in-situ studies that have been conducted, some revealed that the 
change in metal requirements in phytoplankton is a function of other factors, such as light regime, 
macronutrients, and temperature regimes. With our research we try to determine change in trace metal 
budgets as a function of different light and temperature regimes in two key Southern Ocean 
phytoplankton species, while keeping in mind the boundaries and limitations set on culture experiments. 

Relationship between light intensity and trace metals 
Hypothetically, increased light intensity could boost photosynthetic activity, leading to greater growth 
rates and potentially higher metal assimilation. However, cellular metal content tends to decrease with 
higher irradiance. Early research from culture experiments of Sunda et al (1997) found that the amount of 
cellular iron needed to support growth is higher under lower light intensities, owing to a greater 
requirement for photosynthetic iron-based redox proteins by low-light acclimatized algae [16]. 
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The relation between light intensity and trace metals can be illustrated by looking at a water column 
showing the amount of chlorophyll a and trace metal concentrations and light intensity against the depth 

 
Fig 1. Illustration of the water column and the effects of trace metals on light intensity [17]  
 
At the euphotic zone where the light intensity is generally very low, cells have higher iron (Fe) 
requirements relative to carbon (C), leading to increased iron consumption compared to other nutrients 
(C, N, and P). This drives the system toward iron limitation, explaining the depletion of iron in deep 
Chlorophyll maxima (DCM), where the concentration of chlorophyll is highest [18]. Here we speak of 
co-limitation between light and Fe. The North Pacific, Equatorial Pacific, and Southern Ocean are all 
limited in Fe. However co-limitation is only true when the surface mixed layer extends below or near the 
bottom of the euphotic zone, which mainly occurs in the Southern Ocean [17]. 

Relationship between species and trace metals 
Co-limitation favors the growth of smaller plankton as they have a higher surface-area-to-volume ratio, 
making uptake of scarce nutrients like iron more efficient [18][19]. In cultured conditions, phytoplankton 
exhibit significant variability both within and between groups. One major distinction is between 
prokaryotes and eukaryotes. For instance, prokaryotes like Synechococcus are believed to have higher 
iron (Fe) content compared to eukaryotes [21], potentially due to the absence of complex, carbon-rich 
structures like cell walls. Without these components, prokaryotes may instead rely on iron-based proteins 
to carry out similar biochemical functions. Another distinction emerged when Ho et al. (2003) discovered 
that algae with red-line plastids, such as diatoms and some dinoflagellates, tend to have lower Fe and Mn 
ratios, but higher Cd, and Co ratios, compared to those with green-line plastids. This difference was 
attributed to the pigment phycoerythrin, found in red-line plastids, which absorbs blue and green light 
(wavelengths between 490 and 570 nm). Phycoerythrin enhances light capture in deeper waters, where 
green-line plastids are less effective [22].  
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Within clades there can also be wide variation in metal budgets, this variability is highly linked to the 
region from which the species were isolated, indicating genotypic adaptations to local environmental 
conditions. For instance, the centric diatom Thalassiosira oceanica, which comes from the nutrient-poor 
North Atlantic, has much lower Fe quotas compared to another centric diatom inhabiting coastal waters 
like Thalassiosira pseudonana [3]. Diatoms that come from iron-poor environments, generally show very 
low iron quotas. Research by Marchetti et al. has revealed that some pennate diatoms have acquired the 
ability to store excess iron as ferritin for later use, likely through lateral gene transfer [23]. While centric 
diatoms can also store iron, potentially in vacuoles, their storage capacity is not as extensive as that of 
pennate diatoms [24].  

Insights on the key species Phaeocystis antarctica and Chaetoceros simplex 
One of the species used in this experiment is the haptophyte Phaeocystis antarctica, which plays a critical 
role in Southern Ocean ecosystems due to its high carbon biomass and adaptive strategies for iron-light 
co-limitation. P. antarctica is a primary contributor to seasonal blooms in the Southern Ocean, impacting 
local carbon cycling and affecting sulfur cycling through dimethyl sulfide production, integral to regional 
climate dynamics. Efficient at iron uptake, P. antarctica thrives even under low-iron conditions typical of 
this region, supporting its competitive edge [1][3][16]. 

The other species used is Chaetoceros simplex, a centric diatom that relies more on iron-rich conditions 
for optimal growth, as its limited iron storage capacity makes it less adaptable to iron scarcity. This study 
examines the contrasting iron and light requirements of these species, aiming to understand how 
temperature, iron availability, and light conditions shape phytoplankton community dynamics and 
structure in the Southern Ocean [16][4][33]. 

Relationship between temperature and trace metals 
Casiano et al (2005) found that temperature influences the rate at which Fe(II) is oxidized and re-chelated, 
affecting the cycling and availability of iron in seawater. Higher temperatures increase the oxidation speed 
of Fe(II) into Fe(III), thus decreasing the residence time of FeII in warmer waters [1][25]. Temperature 
affects the amount of light algae needed for growth. While the absorption of light by algal pigments and 
the initial photochemical reactions in photosynthesis are not influenced by temperature, the actual 
metabolic processes that drive growth are highly temperature-dependent. This means that as temperature 
increases, algae require more light to maintain the same growth [26]. Since both iron and light play 
crucial roles in controlling algal growth rates, it's expected that temperature, iron, and light would interact 
to influence this process. However, despite the potential importance of temperature in affecting iron 
budgets and the combined effects of iron and light on algal growth, there has been little research in this 
area [1]. 
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Materials and methods:  
Strains and cultivation  
Phaeocystis antarctica (Haptophyceae, CS 243 3-5 μm) and Chaetoceros simplex (Bacillariophyceae, CS 
624, ANACC, 5-10 μm) were isolated from the coastal waters of Prydz Bay, Antarctic, and obtained from 
the Australian National Algal Culture Collection (CSIRO, Hobart, Tasmania), during an earlier study by 
Poll et al., (2023). 
 

Incubation experiment 
Cultures were grown in sterile-filtered seawater medium supplemented with F/2 medium to prevent 
nutrient depletion, this means that the cultures were not trace metal limited. The cultures were maintained 
under different light and temperature regimens: at 2°C with low light (LL) at 25 µmol photons m–2 s–1, 
at 2°C with high light (HL) at 100 µmol photons m–2 s–1, at 5°C with LL at 25 µmol photons m–2 s–1, 
and at 5°C with HL at 100 µmol photons m–2 s–1. All cultures were subjected to a 16:8 h lightcycle. The 
medium was brought to temperature before inoculation and the cultures were allowed to acclimate tover 
at least the weekend for each experimental condition (3 to 7 days). Following acclimation, triplicate 
bottles for each treatment were inoculated with the corresponding pre-acclimated culture and grown until 
the cells were in exponential growth, as determined by photosynthetic efficiency (Fv/Fm) and cell counts 
(supplementary figure 1S). Efforts were made to achieve cell densities of at least 50 cells µL–1 and to 
terminate the experiments at the same time of day (11:00–13:00).  

Controls  
Controls were taken using non-inoculated sterile-filtered seawater medium supplemented with F/2. 
Because of limitation on the Only one control for the  
 
F’v/F’m 
F’v (variable fluorescence) was determined after 20 min dark acclimation with a water PAM pulse 
amplitude modulated fluorometer (Walz). F’m (maximum fluorescence) was determined after a saturating 
light pulse (0.8 s, 4000 µmol photons m–2 s–1) and F’v/F’m was calculated from the background 
fluorescence (F’0) which was filtered seawater and F’m: F’v/F’m = (F’m × F’0)/F’m. A new sample was 
used for each measurement. The instrument settings were not changed during the experiment. 

Methodology for trace metal analysis 
Two kind of major analysis were performed, one is IPC-MS which stands for Inductively Coupled 
Plasma-Mass Spectrometry and is basically a is a type of mass spectrometry that creates detectable atomic 
and small polyatomic ions, in order to determine metals and several non-metals concentrations in liquid 
samples at very low concentrations. The other one is POC (particular organic carbon) to account for 
variations in organic matter content, necessary because of the difference in cell density at the time of 
sampling.  
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POC  
After every incubation experiment, 10 ml of culture per experimental condition was filtered by vacuum 
(0.2 bar) onto 25 mm combusted GF/F filters after the. Filters were snap frozen in liquid nitrogen and 
stored at –80°C until analysis. POC analysis was done at the RUG by dr. J. (Jacqueline) Stefels using a 
Carlo Erba NA 2500 elemental analyzer in-line with a VG Prism III Isotope Ratio Mass Spectrometer 
(IR-MS). The concentration of POC was calibrated to an acetanilide elemental standard. 

Filtration 
For filtration of metal samples, the filter setup was left in 1M HCl overnight before each sampling series 
and rinsed three times with Milli-Q water before use to limit the amount of trace metals. A 30 mL culture 
was filtered by vacuum (0.2 bar) onto a 47 mm, 3 µm pore size polycarbonate filter that had been cleaned 
in 1M HCl. Three replicates were also submitted to an extra chelating step [see below]. Filters were stored 
in Labcon 50 mL MetalFree™ tubes at -70 and later transported at RT. Controls were taken using 
non-inoculated sterile-filtered seawater medium supplemented with F/2. Due to constraints, only one 
control was stored in 50 mL MetalFree™ tubes for each experimental condition (chelating and 
non-chelating). Additionally, three other controls per setup were stored in standard 50 mL tubes that were 
cleaned overnight with 1M HCl. 

ICP-MS 
At the NIOZ (texel), the filters were subjected to an extraction protocol in a stage 1 cleanroom to remove 
all organic material. The filters were transferred to Teflon tubing and supplemented with 2 mL of S2 
solution containing HNO3/HF. Vials were sealed tightly and placed at 110°C for 4 hours for refluxing. 
After confirming the absence of any visible organic material, the vials were cooled, and the filters were 
rinsed three times with 0.5 mL Milli-Q water into the same vial. The filter was then discarded, and the 
solution was heated until dry using elbow vials at 110°C. To ensure the complete breakdown of all 
organic materials, 1 mL of a second solution containing HNO3/H2O2/Milli-Q water was added and 
heated at 110°C for 1 hour, a process that was repeated twice. The solution was then dried again using the 
elbow setup. Finally, the dry residue was dissolved by adding 2 mL of elution acid containing HNO₃ to 
the vials and heating them on a hotplate at 110°C to reflux. This liquid was then transferred to cryovials 
and stored until ICP-MS measurement. 

Chelating step 
The chelation process was conducted by adding 70 µL of 0.1M EDTA and 130 µL of oxaloacetate to 30 
mL of culture medium. This specific ratio was calibrated to maintain a stable pH, as verified using a 
calibrated pH meter. Following the addition of chelating agents, the medium was allowed to sit for 20 
minutes to ensure sufficient binding time for trace metals, enabling consistent bioavailability while 
preventing metal precipitation. 

Data analysis  
Differences in metal budgets of P. antarctica and C. simplex under various temperature and light 
treatments were assessed using a three-way ANOVA, analyzing the effects of temperature, light intensity, 
and species. Significant interactions prompted follow-up two-way ANOVAs for each factor combination 
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to independently confirm the interactions. Pairwise t-tests were then performed on specific conditions for 
focused comparisons between two specific conditions or groups (e.g., comparing LL at 2°C vs. 5°C for P. 
antarctica). Tukey HSD post hoc tests followed the ANOVAs to assess significant differences across all 
groups by comparing Fe/P ratios for every condition simultaneously (e.g., C. simplex and P. antarctica 
across each unique combination of light and temperature, such as HL, 2°C vs. LL, 5°C for both species). 
Analyses used a significance level of α = 0.05, based on [metal]/P ratios (nmol/L per µmol/L) and were 
conducted in Spyder. 
 
 
 
​
​
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Results 

Data trends of non-normalized metal concentrations and controls  
To understand the effect of the experimental conditions on the cellular contents of metals, the 
normalization against phosphate is necessary. The raw unnormalized data, can however say something 
about discrepancies in data. 
 

Figure 2. Bar charts of the average non-normalized average concentration of biologically important 
elements. 

When examining the average metal concentrations without normalization as seen in Figure 2, it is evident 
that the concentration of each measured metal is higher in samples that underwent the additional chelating 
step. However, the results indicate that the opposite is true. 

A closer look at the elements, especially the control samples gives interesting insights into the observed 
differences in metal concentrations for the samples with and without the extra chelating. 
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Figure 3. Box plots for average iron (A) and phosphorus concentrations(B), comparing the metal 
concentration on the filter (coinciding with nMol per 30ml) between all the different experimental 
conditions. 2 or 5 being the temperature in Celcius, the HL  or LL, the species and lastly indication of 
chelating step, + indicating chelation and - indicating no chelation step. The controls are indicated by O, 
W indicates that the controls were produced in MetalFree™ tubes, absence means that the used tubes 
were cleaned overnight with 1M HCl. 

Figure 3 shows a clear trend of the concentration being higher with samples that had the chelating step 
(indicated by +), which can be observed across all the samples. Other observations concern the controls. 
The controls that underwent the chelating step show no difference in concentration compared to the ones 
that did not, signifying a difference in effective contamination between actual samples and controls 
containing medium. This suggests that the chelation step is only effective when there is significant 
contamination to bind, as in the actual samples, while the controls are mostly influenced by background 
contamination. For some metals, the controls fall into the same metal range as some of the culture 
samples, this is the case for Fe and Cu. 

The raw data alone does not provide a complete picture. Normalizing the metal concentration against 
phosphate (Metal/P) accounts for sample size/organic matter content. This allows for comparison of  
metal concentrations between samples. 

 
Figure 4. Two box plots comparing the Fe/P ratio between samples with (yes) and without (no) a 
chelating step.  
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An unpaired T-test comparing metal/P ratio’s yielded a p-value of 0.065, indicating no statistical 
significance. This result was consistent across all biologically relevant metals (Mn, Zn, Cu, Co and Ni), 
indicating that the observed changes in metal/phosphate ratios are uniform across all samples. Although 
there is no statistical difference in the datasets, the data will not be pooled together because the underlying 
cause of this consistent slight change is unclear. Instead, the chelated and non-chelated results will be 
presented side by side to highlight any potential significance, without prematurely concluding that both 
datasets are identical. 

ANOVA data 
To assess the statistical differences between the chelation and non-chelation datasets, a three-way 
ANOVA was performed with temperature, light, and species as the independent variables. Considering 
the outcome of the t-test, Data was not combined. However, to indicate the similarity and differences and 
increase the robustness of the results both datasets will be shown side by side.  
 

 
Figure 5. Two bar charts divided by experimental conditions: non-chelating and chelating, plotting the 
ANOVA F-values (1, df) of the factors and interactions, derived from the Fe/P ratio data. 

When comparing the variance (F-values) from the ANOVA data as seen in figure 5, similar trends are 
observed across both datasets. Significant factors include species (F = 42.83, p < 0.001), light (F = 18.36, 
p < 0.001), and the interaction between temperature and light (F = 20.36, p < 0.001). Notably, the F-value 
for the species factor is substantially higher in the chelated data (F = 249.53, p < 10⁻⁹). The factors light (F 
= 24.62, p < 0.001) and the temperature-light interaction (F = 37.06, p < 0.001) also show slightly higher 
F-values in the chelated samples. Additionally, the chelated data reveal a significant interaction between 
temperature, light, and species (F(1, df) = 21.45, p < 0.001) and a main effect of temperature (F = 7.30, p 
= 0.016), neither of which is observed in the non-chelated data. Across both datasets, residuals 
contributed minimally, indicating that the model effectively captured the variance in the Fe/P ratio. 
When a significant interaction is detected, as in this case, it is not appropriate to rely solely on a three-way 
ANOVA. Instead, the statistical analysis must be repeated by examining the effects of temperature and 
light separately. This follow-up analysis will be conducted to ensure accurate interpretation of the 
interactions. ​
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Table 1. Two way ANOVA results on the factors temperature and light on P. antarctica non-chelated 
samples.  

Source Sum of Squares DF F p-value 

Temperature 8252.85 1 0.41 0.5403 

Light 333593.9 1 16.54 0.0036 

Temperature/light 331049.2 1 16.41 0.0037 

Residual 161384.1 8 - - 

​
Table 2. Two way ANOVA results on the factors temperature and light on C. simplex non-chelated 
samples. 

Source Sum of Squares DF F p-value 

Temperature 73784.73 1 3.54 0.0967 

Light 84165.15 1 4.04 0.0794 

Temperature/light 114515.3 1 5.49 0.0471 

Residual 166756.9 8   

​
For the Phaeocystis antarctica samples the effect of Light is significant (p = 0.0036), meaning light 
conditions impact Fe values. Here the interaction between Temperature and Light is also significant (p = 
0.0037). For the Chaetoceros simplex samples the interaction between Temperature and Light is 
significant (p = 0.0471), indicating that the effects of these factors depend on each other. However, 
although close to the threshold, there is no significant interaction between temperature and light for the C. 
simplex samples. To look at which groups significantly differ from each other a Tukey HSD post-hoc test 
was performed [supplementary table S1].  

The factors of species and light intensity 
Further examination of the significant factors and interactions impacting the Fe/P ratio, as identified by 
the ANOVA, enables a deeper understanding of the specific environmental and species-driven dynamics 
influencing iron budgets in this experiment. 
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Figure 6. Two Bar charts divided by experimental conditions: non-chelating and chelating, on the effect 
of light intensity differences, high light and low light, described by the Fe/P ratios. Bars grouped by 
species; C (Chaetoceros simplex) and P (Phaeocystis antarctica) with both temperatures pooled. Error 
bars show the standard deviation.  

It is apparent that for both species, metal budgets were higher under low light conditions as can be seen in 
figure 6. For the non-chelating treatment (left), P. antarctica showed a significantly higher Fe/P ratio 
under low light (LL) conditions (mean Fe/P ≈ 990) compared to high light (HL) conditions (mean Fe/P ≈ 
650), with a p-value of 0.0276. For C. simplex, Fe/P ratios were also higher under LL (≈ 550) than HL (≈ 
300), although this difference was not statistically significant (p = 0.3489). 

In the chelating treatment (right), a similar pattern was observed, with both species displaying higher Fe/P 
ratios under LL conditions, though with slightly reduced variance. For P. antarctica, the Fe/P ratio was 
approximately 850 under LL and 650 under HL, but this difference was not statistically significant (p = 
0.1592). For C. simplex, however, the difference in Fe/P ratios between LL (≈ 350) and HL (≈ 220) was 
statistically significant, with a p-value of 0.0057. 

The factors of species and temperature 

Figure 7. Two Bar charts divided by experimental conditions: non-chelating and chelating, on the effect 
of temperature differences, 2°C and 5°C, described by the Fe/P ratios. Bars are grouped by species; C (C. 
simplex) and P (P. antarctica). with both temperatures pooled. Error bars show the standard deviation.  
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For both species, Fe/P ratios were higher at 5°C compared to 2°C as can be seen in Figure 7. In the 
non-chelating treatment, P. antarctica showed a slightly higher Fe/P ratio at 5°C (≈ 820) compared to 2°C 
(≈ 800), but this difference was not statistically significant (p = 0.8294). C. simplex exhibited lower Fe/P 
ratios for both temperatures, with an increase from 2°C (≈ 350) to 5°C (≈ 500), which was statistically 
significant (p = 0.0289). In the chelating treatment (right), the same pattern was observed, with Fe/P ratios 
for P. antarctica at 850 for 5°C and 720 at 2°C, though this difference was not statistically significant (p = 
0.7756). C. simplex showed an increase in Fe/P ratios from 250 at 2°C to 350 at 5°C, which was 
statistically significant (p = 0.0100). 

In both Figure 6 and figure 7 P. antarctica consistently shows a higher Fe/P ratio compared to C. simplex. 
Pairwise t-test’s give: p = 0.038 at 2°C under HL, p = 0.016 at 2°C under LL, p = 0.023 at 5°C under LL 
and p = 0.044 at 5°C under HL. 

Overall, P. antarctica accumulated a higher Fe/P ratio than C. simplex, and both species showed higher 
Fe/P ratios at the higher temperature of 5°C. The consistent response to temperature changes across 
species, with significance observed only in C. simplex, suggests that temperature influences Fe/P ratios 
primarily in this species. 

Interaction between temperature and light 
To illustrate where the significant interaction between temperature and light is, a barchart needs to be 
replaced by a three dimensional Figure. Visualizing the data with a heatmap helps convey the interaction, 
and the t-tests between individual conditions (like LL, 2°C vs. 5°C) provide insight into specific pairwise 
comparisons. 
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Figure 8. Four heat maps divided by experimental conditions: non-chelating and chelating, on the 
interaction between temperature differences and light intensities, described by the average Fe/P ratios for 
P. antarctica and C. simplex separately. 

For P. antarctica samples without chelation (8A), a significant increase in the Fe/P ratio is observed when 
shifting from 2°C to 5°C under LL, with the ratio increasing substantially (p = 0.0167). Additionally, at 
5°C, the Fe/P ratio under LL conditions is significantly higher than under HL (p = 0.0015). For the 
chelated P. antarctica samples (8B), there is a significant increase in Fe/P ratio at 5°C compared to 2°C 
under LL (p = 0.0029), and at 5°C, the Fe/P ratio is significantly higher under LL than HL conditions (p = 
0.0005).  

For the non chelated C. simplex samples (8C), there is a non-significant increase in Fe/P ratio from 2°C to 
5°C under LL, (p = 0.0578). However, under 5°C conditions, C. simplex also shows a significantly higher 
Fe/P ratio under LL compared to HL (p = 0.0277). For the chelated C. simplex samples (8D), a significant 
increase in Fe/P ratio is also observed from 2°C to 5°C under LL (p = 0.0064). At 5°C, LL conditions 
yield a significantly higher Fe/P ratio than HL for C. simplex as well (p = 0.0012). 

These results indicate that Fe/P ratios are influenced by both temperature and light intensity in both 
species. There is a general increase in Fe/P ratios under LL as temperature rises from 2°C to 5°C, 
however not significant for non-chelated C. simplex samples. Both species also show significantly higher 
Fe/P ratios at 5°C under LL than HL. Combined, these results indicate a heightened sensitivity to 
temperature and LL conditions.  
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Discussion 

Assessing contamination and its impact on metal concentrations  
Looking at Figure 2, it is clear that metal concentrations are higher in the samples that underwent the 
additional chelating step. The use of EDTA as a chelating agent is expected to bind metals on the cell 
surface, effectively removing them from the cells. The unnormalized data however, indicates that the 
chelating step adds additional metal contents. Figure 4 illustrates a minor decline in the Fe/P ratio of the 
chelated samples compared to the non-chelated samples. While this decrease is statistically insignificant, 
it suggests that, despite the higher overall concentrations of both phosphate and metals in the chelated 
samples, the ratio of metal to organic material (specifically phosphate) may be lower. However, the 
current results do not provide sufficient evidence to draw any conclusions. 

A potential explanation for the elevated metal concentrations could be contamination introduced during 
the additional chelating step, specifically when samples were transferred to separate 50 mL tubes prior to 
filtration. This contamination may have artificially increased the metal concentrations. Although Figure 4 
indicates some degree of chelation, we hypothesize that the chelating properties of EDTA were not 
sufficiently effective at binding and cleaning the exterior of the cells to offset and remove the high levels 
of contamination from the tubes, resulting in elevated metal concentrations. This hypothesis is supported 
by the raw control data in Figure 3, which shows no difference in controls that underwent the chelating 
step, suggesting contamination only occurs when biomass is present for the metals to adhere to. 
Interestingly, Figure 3 also shows some control samples exhibiting metal concentrations as high as the 
cultured samples, which may indicate additional contamination sources. Trace metals like Fe and Cu are 
particularly vulnerable to contamination during sample handling, and it’s possible that these elements 
were introduced through minor sources even before the chelating step [36]. While metal contamination 
from the tubes was anticipated, the chelation process was expected to reduce metals bound to the cell 
surface. Despite a consistent level of contamination across all samples—minimizing its impact on the 
analysis, as corroborated by the t-test (p-value: 0.065)—the ANOVA results provide important insights 
into the effects of temperature, light intensity, and different species composition on the cellular intake of 
Fe. 

Analyzing data variability: The role of species, light, and temperature on metal 
budgets 
The metal concentrations in Figure 5 were analyzed relative to phosphate concentration. However, when 
normalized against the POC data (including C:P ratios), the outcomes of the ANOVA were so variable 
that they appeared random, lacking any clear basis for drawing reliable interpretations. This variability is 
likely due to differences in the equipment used to measure concentrations: phosphorus levels were 
measured alongside metals using ICP-MS, while POC concentrations were determined separately via 
IR-MS in a different lab setting. Much like the T-test in Figure 4, the ANOVA based on metal/P ratios 
showed striking similarity between values across biochemically important metals, potentially due to 
uniform contamination masking variations or co-variation between metals and phosphorus. Therefore, 
This analysis focuses on Fe results, as its higher concentration relative to other metals makes it less 
susceptible to contamination, thereby providing more reliable data. 
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The similarity in ANOVA results between chelated and non-chelated samples further supports the 
hypothesis that chelation had a limited impact on the samples, aside from the relatively uniform 
contamination observed across all samples. Therefore, the results of chelated and non-chelated samples 
will be presented side by side to enhance the robustness of the findings. Further analysis of the individual 
factors and interactions significantly influencing the metal/P ratio, as identified by the ANOVA, provides 
deeper insights into the dynamics of the experiment.  

Variability attributed to difference in species  
Species account for 40.8% (p < 0.001) of the variability in non-chelated samples and 69.3% (p < 10⁻⁹) in 
chelated samples, underscoring the significant role of species-specific differences in driving data 
variability. Tukey HSD post hoc analysis further indicates that Phaeocystis antarctica maintains a 
significantly higher Fe/P ratio than Chaetoceros simplex across most experimental conditions, 
highlighting interspecies variability in iron requirements and nutrient acquisition strategies. Specifically, 
under identical light and temperature conditions, P. antarctica displayed a significantly higher Fe/P ratio 
compared to C. simplex in three out of four cases for non-chelated samples [supplementary table 1S]: 
C_HL_2 vs. P_HL_2 (p = 0.039), C_LL_2 vs. P_LL_2 (p = 0.024), and C_LL_5 vs. P_LL_5 (p = 0.014). 
While C_HL_5 vs. P_HL_5 was not statistically significant (p = 0.781), for the chelated samples all of 
these were significant. This trend is also visible in Figure 6 and Figure 7, where P. antarctica consistently 
shows a higher Fe/P ratio compared to C. simplex, p = 0.038 at 2°C under high light (HL), p = 0.016 at 
2°C under low light (LL), p = 0.023 at 5°C under LL and p = 0.044 at 5°C under HL. Highlighting 
species-specific differences in iron requirements and uptake strategies [21].  

P. antarctica is a key haptophyte in the southern ocean, with individual cells typically ranging from 4 to 8 
µm in size [27] found to be closer to 3 µm in size using laboratory microscopes. In contrast, C. simplex, a 
centric diatom, generally has a larger cell size of about 10 to 20 µm [28], found to be closer to 5 µm in 
size using laboratory microscopes, although this can vary with environmental conditions. Smaller 
plankton, like P. antarctica, are generally more efficient at iron uptake due to their higher 
surface-area-to-volume ratio, which enhances nutrient absorption [18][19]. This efficiency could be an 
effect to their increased metal budget. Another possible cause is demonstrated in studies by Feng et al. 
where P. antarctica was found to experience a significant increase in growth under iron-rich conditions 
compared to diatoms [29]. Demonstrating that this species has a higher iron requirement as compared to 
diatoms. While centric diatoms like C. simplex do store iron in vacuoles, their storage capacity is not as 
extensive as that found in pennate diatoms [24]. Including pennate diatoms in future experiments would 
provide insights into their iron storage capacities. 

Variability attributed to difference in light regimes: 
17.8% of the data variability in the non-chelating samples and 6.8% in the chelated samples is explained 
by the difference in light availability. The results shown in Figure 6 reveal that both C. simplex and P. 
antarctica exhibit higher Fe/P ratios under LL conditions compared to HL conditions. For the chelated 
samples P. antarctica showed a significant increase under LL conditions compared to HL (p = 0.0276), 
this increase was not significant in chelated samples (p = 0.3489). For C. simplex this increase under LL 
conditions is not significant in the non-chelated data (p = 0.1592) but significant for the chelated data (p = 
0.1592). So although the data lacks consistent significance across all conditions, a clear trend indicates 
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that low light generally correlates with higher Fe/P ratios. This pattern is consistent with prior findings 
that phytoplankton require more iron relative to carbon under low light to support reduced photosynthetic 
efficiency [23][16]. This underscores the known crucial role of light in modulating trace metal dynamics 
in phytoplankton. Increased iron assimilation under LL conditions highlights how light limitation drives 
phytoplankton to adjust their metal quotas, affecting their growth and productivity. This aligns with the 
broader understanding of the interplay between light and trace metals in marine ecosystems [6][13]. 

Variability attributed to the interaction between temperature and light 
The interaction between temperature and light accounts for 19.4% of the data variability in non-chelated 
samples and 10.3% in chelated samples, making it the second largest contributor to overall variability. 
The key takeaway from Figure 8 is the observation that Fe/P ratios increase under low light conditions at 
5°C. One possible explanation for this is that when light is limited, the cells may struggle to generate 
enough energy through photosynthesis. However, as temperature increases, the "dark" metabolic reactions 
(which are temperature-dependent) speed up. To support these faster metabolic processes, the 
phytoplankton may need more iron, which is critical for enzymes involved in both photosynthesis and 
respiration. This increased demand for iron likely leads to higher iron budgets. In high-light conditions, 
phytoplankton already have enough energy for photosynthesis, and increasing the temperature further poll 
accelerates the downstream metabolic reactions. However, since they are not limited by light, the 
phytoplankton's iron needs may already be saturated. Therefore, additional iron uptake may not be 
required, even as temperature rises [30][31][32]. These findings suggest that P. antarctica may face 
greater challenges with rising temperatures than C. simplex due to its higher sensitivity to iron and light 
changes, limiting its ability to adapt its metabolic processes as efficiently under warming conditions. As 
temperatures increase, both its respiration rate and metal budgets increase, potentially leading to faster 
depletion of energy reserves.  

Poll et al., (2023) observed that elevated temperatures in the absence of light increased respiration rates, 
leading to faster energy depletion in P. antarctica. Although their study was conducted in darkness, these 
findings do imply that heightened respiration at increased temperatures may impair energy maintenance 
during low-light conditions, such as the Southern Ocean's winter months. However, our immediate results 
do not rule out the possibility that P. antarctica might exhibit high efficiency in trace metal utilization if 
necessary. Nonetheless, current literature does not strongly support this positive metal utilization 
potential, as most studies indicate that P. antarctica generally requires ample iron to meet its metabolic 
needs, especially under challenging conditions, which limits its resilience compared to species with more 
flexible trace metal requirements [33].  

Final remark  
Many studies on metal uptake in phytoplankton, including those on P. antarctica and C. simplex, focus on 
iron-depleted conditions. These experiments are designed to simulate natural environments where iron is 
a limiting factor, as this is often the case in large parts of the ocean. However, this study is conducted 
under iron-replete conditions, where iron is abundant. This difference significantly impacts the relevance 
of previous findings for comparison. In iron-limited environments, phytoplankton may alter their 
physiology, including reducing growth rates, modifying cellular metal quotas, and optimizing nutrient 
uptake mechanisms. The data from those studies reflect the organisms' adaptations to scarcity. In contrast, 
under replete conditions, the physiological responses could be very different, with cells not needing to 
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prioritize iron efficiency or uptake mechanisms in the same way. This means that data from iron-depleted 
experiments might not accurately reflect what occurs when iron is abundant, making direct comparisons 
challenging or potentially misleading.  

P. antarctica has been a highly studied algae because it seems to be very abundant. Making it a significant 
contributor to the C-biomass in the Southern Ocean in an environment that is mostly dominated by 
diatoms [34] making it a critical species for understanding marine ecology and productivity in iron-light 
co-limited marine environments [27]. P. antarctica exhibits considerable variability in its iron acquisition 
strategies, typically requiring higher iron concentrations compared to many centric diatoms 
[6][23][29][33]. As temperature-dependent metabolic processes intensify, this demand for iron appears to 
increase, as indicated by in the elevated Fe/P ratios under low light and higher temperature conditions (as 
can be seen for C. simplex). The co-limitation of iron and light is a well-established concept, supported by 
extensive research [16][17][19]. However, the role of temperature and its interactions remain largely 
unexplored, yet it is expected to play a critical role in shaping planktonic community composition in the 
Southern Ocean. To fully understand these dynamics, more in vivo data on trace metals and community 
composition, as well as in situ culture experiments, are needed. 
 
 
 
 
 
​
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Supplementary results 

​
Supplementary figure 1S. Documentary of the Yield (Fv/Fm): photochemical quantum yield of open PS II 
centers in dark-adapted sample) and the Ft: (Fluorescence yield at a given time, t) against the time in 
hours at 2°C and LL. The black X indicates the actual sample taken. 
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​
Supplementary figure 2S. Documentary of the Yield (Fv/Fm): photochemical quantum yield of open PS II 
centers in dark-adapted sample) and the Ft: (Fluorescence yield at a given time, t) against the time in 
hours at 2°C and HL. The black X indicates the actual sample taken. 
​
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Supplementary figure 3S. Documentary of the Yield (Fv/Fm): photochemical quantum yield of open PS II 
centers in dark-adapted sample) and the Ft: (Fluorescence yield at a given time, t) against the time in 
hours at 5°C and HL. The black X indicates the actual sample taken. 
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Supplementary figure 4S. Documentary of the Yield (Fv/Fm): photochemical quantum yield of open PS II 
centers in dark-adapted sample) and the Ft: (Fluorescence yield at a given time, t) against the time in 
hours at 5°C and LL. The black X indicates the actual sample taken. 
 
Table S1. Tukey HSD Post Hoc Comparison Table of the non-chelated data showing pairwise 
comparisons between all possible pairs of groups 

Group 1 Group 2 Mean Difference p-value Reject Null 
Hypothesis 

C_HL_2 C_HL_5 -38.55 1 No 

C_HL_2 C_LL_2 -27.88 1 No 

C_HL_2 C_LL_5 324.32 0.17 No 

C_HL_2 P_HL_2 420.21 0.039 Yes 

C_HL_2 P_HL_5 140.47 0.92 No 

C_HL_2 P_LL_2 421.48 0.038 Yes 

C_HL_2 P_LL_5 806.12 < 0.001 Yes 

C_HL_5 C_LL_2 10.67 1 No 
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C_HL_5 C_LL_5 362.87 0.096 No 

C_HL_5 P_HL_2 458.76 0.021 Yes 

C_HL_5 P_HL_5 179.02 0.781 No 

C_HL_5 P_LL_2 460.03 0.02 Yes 

C_HL_5 P_LL_5 844.67 < 0.001 Yes 

C_LL_2 C_LL_5 352.2 0.113 No 

C_LL_2 P_HL_2 448.09 0.025 Yes 

C_LL_2 P_HL_5 168.35 0.826 No 

C_LL_2 P_LL_2 449.36 0.024 Yes 

C_LL_2 P_LL_5 834 < 0.001 Yes 

C_LL_5 P_HL_2 95.89 0.989 No 

C_LL_5 P_HL_5 -183.85 0.759 No 

C_LL_5 P_LL_2 97.16 0.988 No 

C_LL_5 P_LL_5 481.8 0.014 Yes 

P_HL_2 P_HL_5 -279.74 0.307 No 

P_HL_2 P_LL_2 1.27 1 No 

P_HL_2 P_LL_5 385.91 0.068 No 

P_HL_5 P_LL_2 281.01 0.433 No 

P_HL_5 P_LL_5 665.65 < 0.001 Yes 

P_LL_2 P_LL_5 384.64 0.032 Yes 

 
 
Table S2. Tukey HSD Post Hoc Comparison Table of the chelated data showing pairwise comparisons 
between all possible pairs of groups 

Group 1 Group 2 Mean Difference p-value Reject Null 
Hypothesis 

C_HL_2 C_HL_5 -9.74 1 No 
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C_HL_2 C_LL_2 71.77 0.9494 No 

C_HL_2 C_LL_5 157.71 0.3038 No 

C_HL_2 P_HL_2 576.99 < 0.001 Yes 

C_HL_2 P_HL_5 364.3 < 0.001 Yes 

C_HL_2 P_LL_2 431.22 < 0.001 Yes 

C_HL_2 P_LL_5 922.77 < 0.001 Yes 

C_HL_5 C_LL_2 81.51 0.9074 No 

C_HL_5 C_LL_5 167.45 0.2436 No 

C_HL_5 P_HL_2 586.73 < 0.001 Yes 

C_HL_5 P_HL_5 374.03 < 0.001 Yes 

C_HL_5 P_LL_2 440.95 < 0.001 Yes 

C_HL_5 P_LL_5 932.51 < 0.001 Yes 

C_LL_2 C_LL_5 85.94 0.883 No 

C_LL_2 P_HL_2 505.22 < 0.001 Yes 

C_LL_2 P_HL_5 292.53 0.007 Yes 

C_LL_2 P_LL_2 359.45 < 0.001 Yes 

C_LL_2 P_LL_5 851 < 0.001 Yes 

C_LL_5 P_HL_2 419.28 < 0.001 Yes 

C_LL_5 P_HL_5 206.59 0.090 No 

C_LL_5 P_LL_2 273.51 0.013 Yes 

C_LL_5 P_LL_5 765.06 < 0.001 Yes 

P_HL_2 P_HL_5 -212.7 0.076 No 

P_HL_2 P_LL_2 -145.77 0.391 No 

P_HL_2 P_LL_5 345.78 0.002 Yes 

P_HL_5 P_LL_2 66.92 0.9645 No 
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P_HL_5 P_LL_5 558.48 < 0.001 Yes 

P_LL_2 P_LL_5 491.55 < 0.001 Yes 

​
Table S3. Tukey Table of POC data, only taken from non chelated samples 

Sample ID Temperature 
(°C) 

Light Species Chelating Step Triplicate C (μmol/L) 

2HLP- 2 HL P No 1 519.7526 

2HLP- 2 HL P No 2 832.4536 

2HLP- 2 HL P No 3 674.0489 

2HLG- 2 HL G No 1 1405.486 

2HLG- 2 HL G No 2 1385.601 

2HLG- 2 HL G No 3 1099.477 

2LLP- 2 LL P No 1 783.1856 

2LLP- 2 LL P No 2 798.7779 

2LLP- 2 LL P No 3 796.4129 

2LLG- 2 LL G No 1 1079.931 

2LLG- 2 LL G No 2 981.6373 

2LLG- 2 LL G No 3 1033.177 
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5LLP- 5 LL P No 1 628.7199 

5LLP- 5 LL P No 2 539.2741 

5LLP- 5 LL P No 3 449.8284 

5LLG- 5 LL G No 1 990.8543 

5LLG- 5 LL G No 2 745.8696 

5LLG- 5 LL G No 3 852.6489 

5HLP- 5 HL P No 1 1052.752 

5HLP- 5 HL P No 2 954.7783 

5HLP- 5 HL P No 3 1052.751 

5HLG- 5 HL G No 1 1304.971 

5HLG- 5 HL G No 2 1199.204 

5HLG- 5 HL G No 3 1437.691 

control - - - - - 540.54 

control - - - - - 292.7449 

control - - - - - 263.8884 

control - - - - - 255.5896 
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control - - - - - 291.0383 

control - - - - - 492.344 
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