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Abstract. Gigatonne-scale atmospheric carbon dioxide removal (CDR) will almost certainly be needed to 

supplement the emission reductions required to keep global warming between 1.5 - 2°C. Ocean alkalinity 

enhancement (OAE) is an emerging marine CDR method with the addition of pulverized minerals to the surface 

ocean being one widely considered approach. A concern of this approach is the potential for dissolution products 20 

released from minerals to impact phytoplankton communities. We conducted an experiment with 10 pelagic 

mesocosms (M1 – M10) in Raunefjorden, Bergen, Norway, to assess the implications of simulated silicate- and 

calcium-based mineral OAE on a coastal plankton community. Five mesocosms (M1, M3, M5, M7 and M9) were 

enriched with silicate (~75 µmol L-1 Na2SiO3), alkalinity along a gradient from 0 to ~600 µmol kg-1, and 

magnesium in proportion to alkalinity additions. The other five mesocosms (M2, M4, M6, M8, M10) were 25 

enriched with alkalinity along the same gradient and calcium in proportion to alkalinity additions. The experiment 

explored many components of the plankton community, from microbes to fish larvae, and here we report on the 

influence of simulated mineral based OAE on diatom silicification. Macronutrients (nitrate and phosphate) limited 

silicification at the onset of the experiment until nutrient additions on day 26. Silicification was significantly 

greater in the silicate-based mineral treatments, with all genera except Cylindrotheca, displaying an increase in 30 

silicification as a result of the increased concentration of silicate. Pseudo-nitzschia and Nitzschia were the only 

genera directly affected by alkalinity. The four other genera investigated here displayed no significant changes in 

silicification as a result of alkalinity increases between 0 and 600 µmol kg-1 above natural levels.silicate 

concentrations limiting silicification in the calcium-based treatment. The degree of silicification varied 

significantly between, and genera specific silicification also varied significantly between alkalinity mineral 35 

sources, with the exception of Cylindrotheca. Pseudo-nitzschia was the only genus affected by alkalinity, whereby 

silicification increased with increasing alkalinity during some periods of the experiment. No . Nor did we observe 

any indication of interactive effects between simulated mineral dissolution products and changes in carbonate 

chemistry. Previous experiments have provided evidence of alkalinity effects on diatoms underscoring the 

necessity for further studies under a range of boundary/environmental conditions to extract a more robust pattern 40 

of diatom responses to OAE. In summary, our findings suggest limited genus-specific impacts of alkalinity on 

diatoms, while also highlighting the importance of understanding the full breadth of different OAE approaches, 

their risks, co-benefits, and potential for interactive effects.  

1 Introduction 

Limiting global average surface temperature rise to 1.5 - 2°C above pre-industrial levels necessitates rapid 45 

reductions in global CO2 (carbon dioxide) emissions as well as sustained atmospheric carbon dioxide removal 

(CDR) (IPCC, 2021; Van Vuuren et al., 2018). However, prior to considering the implementation of large scale 

CDR methods it is critical to assess the potential ecological impacts of these methods (Bach et al., 2019; Fuss et 

al., 2018; Renforth and Henderson, 2017). 

Ocean alkalinity enhancement (OAE) is considered to be a promising marine CDR method due to its potential to 50 

remove carbon CO2 at a gigatonne scale (Burt et al., 2021; Feng et al., 2017; He and Tyka, 2023; Ilyina et al., 

2013; Keller et al., 2014; Paquay and Zeebe, 2013). There are various approaches to implementing OAE, each 

with techno-economic and environmental advantages and disadvantages (Renforth and Henderson, 2017). 

Irrespective of the method, all approaches aim to increase the capacity of the ocean to store atmospheric CO2 by 

https://www.zotero.org/google-docs/?broken=d8fjP6
https://www.zotero.org/google-docs/?broken=KRdRQb
https://www.zotero.org/google-docs/?broken=KRdRQb
https://www.zotero.org/google-docs/?broken=m8HyG0
https://www.zotero.org/google-docs/?broken=m8HyG0
https://www.zotero.org/google-docs/?broken=Lgq5M7
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increasing the alkalinity of seawater through the addition of substances which increase alkalinity, the removal of 55 

acid and/or neutralisation of protons in seawater, all of which will increase seawater pH (Eisaman et al., 2023). 

One widely discussed method involves the addition of pulverized alkaline minerals such as magnesium silicates 

or calcium hydroxides to the surface ocean (Bach et al., 2019; Kheshgi, 1995; Renforth and Henderson, 2017). 

In order for minerals to be suitable they must be alkaline, have relatively rapid dissolution rates, and are ideally 

inexpensive, readily available, and contain minimal potential contaminants (Hartmann et al., 2013; Renforth and 60 

Henderson, 2017). Minerals fitting some or most of these criteria include olivine, a silicate-based naturally 

occurring mineral, as well as quick and/or hydrated lime which are anthropogenic calcium-based minerals 

(Renforth and Henderson, 2017). However, the effects of dissolution products derived from these minerals on 

marine communities is yet to be fully assessed (Bach et al., 2019). Indeed, hotspots of dissolution products from 

mineral-based OAE will inevitably occur at sites of mineral additions resulting in high concentrations of e.g., 65 

Mg+, Si(OH)4, Ca+, increased pH, and trace metals (Hartmann et al., 2013). Dissolution products may act to 

fertilize some organisms while inhibiting others, potentially leading to shifts in plankton communities (Bach et 

al., 2019; Guo et al., 2022; Hutchins et al., 2023). For example, calcium-based minerals are hypothesized to benefit 

pelagic and benthic calcifiers, with some studies supporting this (Albright et al., 2016; Bach et al., 2015; Gore et 

al., 2019) while others found neutral responses (Gately et al., 2023). In contrast, the dissolution of silicate based 70 

minerals is expected to benefit silicifying plankton species including diatoms (Bach et al., 2019; Egge and Aksnes, 

1992; Hauck et al., 2016). Thus, we expect mineral based OAE to have some impact on marine communities with 

these impacts being highly dependent on the source minerals used. However, it is important that the environmental 

impacts and/or co-benefits resulting from OAE are evaluated against the potential climatic benefits.  

This study aims to specifically assess and compare the potential implications of increased alkalinity, silicate and 75 

magnesium concentrations associated with silicate- and calcium-based mineral OAE  and increased alkalinity and 

calcium concentrations associated with calcium-based mineral OAE on a coastal plankton community. In order 

to capture the potential maximum and minimum acceptable levels of alkalinity enhancement, we increased 

concentrations of alkalinity in steps of 150 µmol kg-1 by 0 to ~600 µmol kg-1. Such an increase in alkalinity is 

expected to influence the phytoplankton community as concentrations of CO2 decrease below previously observed 80 

thresholds limiting growth (Chen and Durbin, 1994; Hinga, 2002; Paul and Bach, 2020; Riebesell et al., 1993).  

Previous work has identified that increases in alkalinity of 500 µmol kg-1 resulted in a significant decrease in  

silicate uptake and biogenic silica production (Ferderer et al., 2022). Furthermore, it is well known that silicate 

has a fertilising effect on diatoms, with concentrations above 2 µmol kg-1 often resulting in their dominance within 

plankton communities (Egge and Aksnes, 1992; Escaravage and Prins, 2002). The dissolution of silicate- based 85 

minerals such as olivine to enhance alkalinity is predicted to significantly increase silicate concentrations at sites 

of addition and projected to induce diatom blooms (Hauck et al., 2016). The influence of varying silicate 

concentrations on diatoms is well known, however the interaction between OAE and enhanced silicate 

concentrations as a result of silicate based mineral dissolution is yet to be fully explored. Thus, in this study we 

focus on assessing the influence of mineral based OAE, along an increasing gradient, on the incorporation of silica 90 

into the frustules of diatoms (silicification). Our primary goal is to elucidate the potential risks and or co-benefits 

of mineral based alkalinity enhancement on diatoms. 

https://www.zotero.org/google-docs/?broken=5f8o7O
https://www.zotero.org/google-docs/?broken=tM8OKv
https://www.zotero.org/google-docs/?broken=hGl24L
https://www.zotero.org/google-docs/?broken=hGl24L
https://www.zotero.org/google-docs/?broken=hCiWwr
https://www.zotero.org/google-docs/?broken=hCiWwr
https://www.zotero.org/google-docs/?broken=HRklei
https://www.zotero.org/google-docs/?broken=UyBGM1
https://www.zotero.org/google-docs/?broken=h8j8z8
https://www.zotero.org/google-docs/?broken=h8j8z8
https://www.zotero.org/google-docs/?broken=FLJlTU
https://www.zotero.org/google-docs/?broken=FLJlTU
https://www.zotero.org/google-docs/?broken=oBZMNV
https://www.zotero.org/google-docs/?broken=OyRAw1
https://www.zotero.org/google-docs/?broken=OyRAw1
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2 Methods 

2.1 Mesocosm deployment and maintenance  

On the 7th of May 2022, ten Kiel Off-Shore Mesocosms for Ocean Simulations (KOSMOS, M1-M10; Riebesell 95 

et al., 2013) were deployed from RV ALKOR in Raunefjorden, Bergen, Norway ~1.5 km from the Espegrend 

marine research field station (Fig. 1). Mesocosms consisted of a cylindrical polyurethane bag 20 m in length, (2 

m in diameter, ~60.01 ± 0.01 m3 volume). Mesocosm bags were fitted within 8 m tall floating frames during 

deployment which were slowly lowered into the fjord, allowing the bags to gently fill while minimising 

disturbance to the plankton community. Once deployed the mesocosm bags remained open at their base (~20 m) 100 

and top (~1 m below the sea surface) allowing water exchange between the mesocosms and fjord. Mesocosms 

were closed off to the fjord on the 13th of May when divers attached a 2 m long funnel shaped sediment trap to 

each mesocosm, and the top of each mesocosm bag was raised ~1 m above the surface (Fig. 1). A ring with the 

same diameter as the mesocosms fitted with a 1 mm mesh was passed through each mesocosm after closing to 

remove any large nekton or plankton from the mesocosms. The sealing off of the mesocosms from the fjord 105 

marked the beginning of the experiment (Day 0). The volume of each mesocosm was determined on day 2 of the 

experiment via the addition of a NaCl brine solution. Water inside mesocosms was first homogenized by bubbling 

compressed air up through the mesocosms. Following homogenisation, 50 L of NaCl brine was evenly added to 

the mesocosm via a bespoke distribution device called “the spider” (Riebesell et al., 2013). The precise addition 

of NaCl enabled us to calculate the volume of each mesocosm following (Czerny et al., 2013). Mesocosm bags 110 

were cleaned approximately every week from the inside and outside to minimise any potential biofouling which 

may impact the results of the experiment. External cleaning of the mesocosms was conducted by divers and/or 

surface attendants in small boats using brushes. Internal cleaning of the mesocosms was conducted using a large 

ring with rubber blades that was the same diameter as the mesocosms. This ring was sunk inside mesocosms with 

a 30 kg weight attached to its base, removing any growth from the inner walls of the mesocosm bags down to 1 115 

m above the sediment trap. 
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Figure 1. Infographic depicting the relevant information pertaining to the mesocosm design and mooring site 

approximately 1.5 km from the Espegrend Marine research field station in Bergen, Norway (maps produced in 120 

Rstudio using ©Google maps data). 

2.2 Setup of OAE treatments and nutrient fertilisation 

Mesocosms were split into two OAE treatment groups; a calcium-based (Ca-OAE) treatment (N =5) and silicate-

based (Si-OAE) treatment (N =5) with one mesocosm in each group serving as a control. Alkalinity was enhanced 

along a gradient in each mineral-based treatment ranging from 0 – 600 µmol kg-1 using varying amounts of NaOH 125 

(Merck), dissolved in 20 L of Milli-Q®. Simulated differences in the type of OAE were established via the 

addition of CaCl2
.2H2O in the Ca-OAE treatments and MgCl2

.6H2O and Na2SiO3
.5H2O in the Si-OAE treatments, 

all dissolved in 20 L of Milli-Q®. The simulated enhancements of Mg2+ and Ca2+ were proportional to the addition 

of NaOH, i.e., increases by half the alkalinity enhancement. In contrast Na2SiO3 was increased by equal 

concentrations (target of 75 µmol L-1) in all mesocosms within the Si-OAE treatment group (including the 130 

control), instead of a gradient from 0 - 150 µmol L-1, which would be the corresponding concentrations for olivine 

dissolution. This approach was adopted due to metasilicate solubility restrictions (data not shown), the potential 

for colloid formation to occur at high concentrations and enable clear distinctions to be made between silicate and 
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TA effects. Finally, the increase in TA from silicate additions in a 2:1 ratio was taken into account by reducing 

respective NaOH additions and the addition of HCl in the silicate-based control (ΔTA = 0 µmol kg-1). 135 

 

At the time of closure, all mesocosms had low concentrations of macronutrients (0.10 ± 0.019 µmol L -1 NO-
3, 

0.03 ± 0.005 µmol L-1 PO3-
4 and 0.16 ± 0.048 µmol L-1 Si(OH)4). After observing communities in a prolonged 

phase of oligotrophic conditions, macronutrients were added to the mesocosms on day 26 (final range across 

mesocosms = 3.59 – 3.8 µmol L-1 NO-
3, 0.19 – 0.24 µmol L-1 PO3-

4 and 0.39 – 1.03 µmol L-1 Si(OH)4) to stimulate 140 

the phytoplankton community. Macronutrients were added to the mesocosms as two separate 20 L solutions with 

one consisting of NaNO3 (Merck, > 99.5%) and Na2HPO4
. H2O (Merck, > 99.5%) and the other consisting of 

Na2SiO3
.5H2O (Roth > 95%). Inorganic nutrient concentrations were measured the day before nutrient additions 

and ~2 hours after the addition of nutrients to quantify the additions and ensure appropriate stoichiometry within 

mesocosms. After the addition of nutrients, it was noted that the stoichiometry of macronutrients was not even 145 

across mesocosms, later identified to have been the result of a mistake during solution preparation. As such, a 

second addition of nitrate was completed on day 28 for those mesocosms below target concentrations. All 

solutions were added homogeneously to mesocosms using the spider distribution device. 

 

Given the additions of alkalinity on day 7 and macronutrients on day 26 and 28, the experiment was divided into 150 

three distinct phases; phase 0 representing the period prior to alkalinity enhancement (day 0 – 6), phase I 

representing conditions prior to the addition of macronutrients (day 7 - 28) and phase II representing the period 

after nutrient additions (day 29 – 54). 

2.3 Sampling methods 

Sampling of the mesocosms was conducted every second day from small boats with sediment sampling first (0800 155 

– 1000; here and in the following GMT +2) followed by particulate and dissolved substance sampling (0900 – 

1300), zooplankton sampling (1000 – 1300) and finally CTD, FastOcean APD/fluoroprobe (1400 – 1600). With 

the exception of particulate and dissolved substance sampling, which was carried out at random, mesocosms were 

sampled in order from M1 through to M10 with fjord samples taken directly next to M5. Sample containers were 

stored in boxes to avoid excess light and heat exposure during sampling and upon return to the research station 160 

(directly after each round of sampling) were transferred to a room at ambient water temperature (8.7 – 15.4 ⁰C) 

until further processing. The sampling schedule remained consistent with the exception of day 15 where only 

sediment sampling was undertaken due to unsafe weather conditions. Additional samples for the determination of 

dissolved inorganic nutrients were taken on day 26 and day 28 to assess stoichiometry post nutrient additions 

performed earlier the same day. 165 

 

Sinking particles were collected from the sediment traps of each mesocosm via a silicon tube attached to the base 

of the sediment trap at one end and a manual vacuum pump at the surface (Boxhammer et al., 2016). Suspended 

particulate matter and dissolved substances were collected using 5 L integrated water samplers (IWSs; Hydro-

Bios, Kiel). IWSs were equipped with pressure sensors enabling an even collection of water within a specified 170 

depth, from the surface to the top of the sediment trap (0 – 20 m). Four IWSs were taken within each mesocosm 

and fjord which were transferred into 10 L polyethylene carboys. Samples for quantification of changes in 
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carbonate chemistry were collected from the first IWS taken within each mesocosm and filled directly into 500 

ml glass bottles following protocols outlined in SOP 1 from (Dickson et al., 2007). 

 175 

2.4 Carbonate chemistry and dissolved inorganic nutrients 

Samples for total alkalinity (TA), pH and dissolved inorganic nutrients were sterile filtered using a peristaltic 

pump and 25 mm, 0.2 µm pore size, PES membrane, syringe filters to minimise biological processes and remove 

particles which can influence respective analyses. Dissolved inorganic nutrient concentrations NO-
3, NO-

2, PO3-
4, 

and Si(OH)4 were determined spectrophotometrically following methods outlined by (Hansen and Koroleff, 180 

1999). Dissolved inorganic nutrient samples were measured in triplicate to control for technical variability 

between measurements across the experiment. TA was determined using a two-step open cell titration following 

SOP3b outlined by (Dickson et al., 2007). TA samples were measured in duplicate on a Metrohm 826 Compact 

Titrosampler coupled with an Aquatrode Plus with PT1000 temperature sensor and calibrated against certified 

reference material (CRM batch 193) supplied by Prof. Andrew Dickson’s laboratory. pH was determined in 185 

duplicate via spectrophotometric methods outlined in (Dickson et al., 2007) (not shown here).  

2.5 Particulate matter analysis  

Sediment trap samples were processed immediately upon return of the sampling boat to the research station. 

Sample weight was first determined gravimetrically before resuspension of particles and homogenisation of the 

sample for subsampling (e.g., dissolution assays, particle sinking velocity). The remaining sample was enriched 190 

with 3M FeCl3 followed by 3M NaOH to enhance flocculation, coagulation and subsequent sedimentation of 

particles while maintaining pH (Boxhammer et al., 2016). Approximately 1 hour after settling the supernatant was 

removed and samples centrifuged in two steps: first for 10 min at 5200 g in a 6-16KS centrifuge (Sigma) and then 

again for 10 min at 5000 g in a 3K12 centrifuge (Sigma). Following each step any supernatant was removed and 

the remaining pellet freeze dried to remove residual moisture. Finally, the dried samples were pulverised into a 195 

homogenous powder using a cell mill and were transported to GEOMAR, Kiel, Germany for further analysis. 

Subsamples of the powder used to determine concentrations of biogenic silica (BSi) were placed in 60 ml 

Nalgene™ polypropylene bottles, filled with 25 ml of 0.1 M NaOH solution, and then placed in a shaking water 

bath at 85 ⁰C. After 135 min the bottles were removed and cooled before the addition (25 ml) of 0.05 M H2SO4 to 

stop the leaching processes. The concentration of dissolved silicate was then measured spectrophotometrically 200 

following (Hansen and Koroleff, 1999). BSi concentrations of the measured subsamples were then scaled to 

represent the total sample from sediment traps, normalised to mesocosm volume and are reported as the 

accumulation of BSi in the sediments over the experimental period. 

 

Analysis of major elemental pools and phytoplankton pigments in the water column subsamples (pre-filtered 205 

through a 200 µm screen) of 0.5 – 1 L were taken from carboys after gentle mixing to homogenise samples. 

Subsamples for BSi were filtered onto cellulose acetate filters (pore size 0.45 µm) using a vacuum filtration system 

at ≤ 200 mbar and stored in plastic vials at -20 ⁰C until analysis the following day. Filters were then placed in 60 

ml Nalgene™ bottles, digested, and analysed following the same methods for BSi in the sediments described 

above. Chlorophyll a was filtered onto glass fibre filters (GFF, nominal pore size = 0.7 µm) while minimising 210 
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light exposure. Immediately after filtration filters were stored in plastic vials at -80 ⁰C until analysis the following 

day. Samples were extracted with 90% acetone and homogenised using glass beads in a cell mill. After 

homogenisation samples were centrifuged (10 min 800 g, 4⁰C), then the supernatant was removed and analysed 

on a fluorometer (Turner 10-AU) to determine Chl a concentrations (Welschmeyer, 1994). 

 215 

2.6 PDMPO labelling and determination of silicification rates via fluorescent microscopy  

To investigate differences in diatom silicification, 350 ml samples were collected by means of IWS from each 

mesocosm every two to four days (variation in sampling schedule occurred due to unforeseen circumstances such 

as extreme weather events and COVID-19 infections). Due to the low abundance of diatoms within mesocosms, 

(as observed through microscopy and BSi concentrations) samples were gravimetrically concentrated from 350 220 

ml to 70 ml using a 47 mm filtering apparatus and polycarbonate filters (3 µm pore size). Organisms were 

resuspended by gentle stirring and inversion of the filtration system before the sample was transferred to three 17 

ml polycarbonate tubes. The fluorescent dye 2-(4-pyridyl)-5-((4-(2-

dimethylaminoethylaminocarbamoyl)methoxy)phenyl)oxazole (PDMPO; LysoSensor yellow/blue DND-160 

from ThermoFisher Scientific) was added at a final concentration of 0.125 µM before samples were incubated in 225 

a flow-through incubator placed outside of the Espegrend Marine research field station for temperature control 

(inlet location was ~1.5 km from the mesocosms so that temperature in the incubator was similar to mesocosms). 

The incubator was screened with shade cloth to ~30% incident irradiance and incubations lasted for ~24 hours. 

At the conclusion of the incubation, 15 ml of the sample was filtered under gentle vacuum pressure onto 25 mm, 

0.8 µm black polycarbonate membrane filters. Filters were mounted onto microscope slides with a drop of Prolong 230 

gold antifade followed by a glass coverslip and sealed with clear nail varnish. Prepared slides were then stored in 

the dark at -20 ⁰C for later analysis via fluorescent microscopy at the University of Tasmania, Australia (within 6 

months).  

 

Prepared microscope slides were imaged using the software NIS-elements and a Nikon eclipse Ci microscope 235 

equipped with a UV-1A (longpass) filter cube, Nikon DS-Ri2 camera and Mercury lamp (Nikon C-SHG1). Prior 

to analysing slides, a yellow fluorescence slide (Thorlabs FSK3) was imaged ten times and the average 

fluorescence subtracted from all images taken that day to account for variation in the mercury lamp across imaging 

days. The entirety of each filter was systematically scanned at ×200 magnification, when a cell was located, it was 

imaged at ×400 magnification with all cells that were appropriate for measurements (e.g., not overlapping or 240 

partially destroyed cells) included in analysis. This gave final counts for each genus ranging from 1 – 176 cells 

per mesocosm on any given day. Cells were, when possible, identified to genus level as brightfield imaging was 

not possible on the black polycarbonate filters and fluorescent images did not provide enough detail for accurate 

identification beyond this level. However, in instances where differentiation between genera was difficult or 

impossible to complete with high confidence cells were classified based on significant differences in the shape, 245 

size and/or details of the frustule of cells. Each genus/group is therefore comprised of similar cells which show 

distinct differences in characteristics which influence the fluorescence of cells (Table S1). Images were later 

analysed by quantifying single cell fluorescence following a custom-made procedure in ImageJ on the original 

TIFF images. For each image, cell/s were selected so that minimal background area was included before the 
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fluorescence of the selected cell was recorded. Background fluorescence was measured at four locations directly 250 

surrounding the cell where no other cells were present, and the average background fluorescence subtracted from 

cell fluorescence. Total cell fluorescence, corrected for background fluorescence, was then normalised to cell area 

to give mean cell fluorescence. Due to low abundances of diatoms and thus insufficient counts for meaningful 

analyses, only days 7, 11 and 17 were analysed prior to the addition of nutrients on day 26 and 28. After the 

addition of nutrients all filters were analysed, however due to an outbreak of COVID-19, samples for the 255 

determination of silicification could not be taken for the final eight days of the experiment.  

 

Due to technical issues and the unavailability of specific instrumentation, we were unable to measure total 

community fluorescence during the experiment and as such convert fluorescence values to BSi incorporation. 

However, the aim of this experiment was to identify any relative differences in taxa specific rates of silicification, 260 

something which is not achievable through the measurement of BSi. This was achieved with the use of the 

fluorescent dye PDMPO which is incorporated at a rate proportional to BSi incorporation in diatoms (Leblanc and 

Hutchins, 2005; Mcnair et al., 2015; Znachor and Nedoma, 2008). PDMPO uptake and subsequent fluorescence 

within diatom cells therefore provides an appropriate proxy for the incorporation of silica into newly formed 

frustules irrespective of the units. As such the PDMPO-fluorescence of cells measured here as the fluorescence 265 

of a given cell normalised to cell area, is referred to as silicification throughout this text. 

2.7 Statistical analysis 

To explore the effect of the alkalinity source mineral and alkalinity enhancement across mesocosms we first 

visualised the dataset using non-metric multidimensional scaling (nMDS) plots. Three separate plots were 

produced to explore the effects of (a) the treatments over the total extent of the experiment, (b) prior to the addition 270 

of nutrients, and (c) post nutrient addition on silicification.  

 

A Llinear mixed-effects models were was used to quantify the influence of the treatments (total alkalinity and 

alkalinity source mineral) on diatom silicification. A The model was run first run at the community level with 

alkalinity source mineral, total alkalinity, experimental phase, and diatom genus as fixed effects, and silicification 275 

(square root transformed) as the dependent variable. Due to the significant variation in silicification attributed to 

genus, individual models were carried out for each diatom genus with alkalinity source mineral, phase, and total 

alkalinity as fixed effects and silicification (square root or log transformed) as the dependent variable. To account 

for temporal pseudo-replication in the models, mesocosm (N = 10) was nested within sampling occasion (day) 

and fitted as a random effect in all models. Several linear mixed-effects models were fit for the community and 280 

each genus, with non-significant interactions removed and Akaike Information Criteria (AIC) used to determine 

the best model. All statistical analyses were conducted in Rstudio v 2023.6.1.524 (Posit Team, 2023). Estimated 

marginal means were calculated using the package emmeans  (Lenth et al., 2023) to determine the significance of 

two and three-way interactions within the model. Estimated marginal means of linear trends were calculated using 

emtrends from the package emmeans, to assess the effect of total alkalinity within significant interactions in the 285 

linear model (Lenth et al., 2023).(Lenth et al., 2023)(Lenth et al., 2023) in each circumstance. In order to control 

for temporal autocorrelation in the models an autocorrelation structure of order one at the level of random effect 

was also included. 
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Finally linear models were used to assess the influence of total alkalinity and alkalinity source mineral on the 290 

concentration of BSi in the water column and accumulation of BSi in the sediments. Linear models were run for 

each phase of the experiment with mean water column BSi and mean accumulated sediment BSi over each phase 

fitted as dependent variables and mean total alkalinity and alkalinity source mineral as fixed effects. An additional 

linear model was run to assess total accumulated BSi in the sediment trap with the accumulated sediment BSi up 

until day 53 fitted as the dependent variable and total alkalinity and alkalinity source mineral fitted as fixed effects. 295 

All statistical analyses including nMDS plots were conducted in Rstudio v 2023.6.1.524 (Posit Team (2023), 

2023). 

3 Results 

Chlorophyll a concentrations were relatively low at the beginning of the experiment with 1.01 ± 0.17 µg L-1 (mean 

± SD) on day 3 (Fig 2d). Concentrations of NO-
3 were below detection limit, thereby constraining phytoplankton 300 

growth during phase I of the experiment (mean NO-
3 day 7 – 25  = 0.004 ± 0.035 µmol L-1) (Fig 2a). In contrast 

there was residual PO-3
4 (0.021 ± 0.022 µmol-1) and Si(OH)4 (Ca-OAE treatment = 0.202 ± 0.99 µmol-1, Si-OAE 

treatment = 67.929 ± 1.04 µmol-1) which likely supported the phytoplankton community in utilising remineralised 

nitrogen until the addition of nutrients on day 26 and 28 (Fig 2b, 2c). Although ~70 µmol L -1 of Na2SiO3 was 

added to the Si-OAE treatment, there was no discernible depletion of Si(OH)4 during phase I (Fig 2c). The addition 305 

of macronutrients (NO-
3, PO-3

4, and Si(OH)4) can be seen on day 26, with a secondary addition on day 28 to 

correct for unwanted differences in the stoichiometry between mesocosms (Fig 2). During phase II, nutrients 

steadily declined until the majority was depleted between days 39 and 49 (Fig 2). Chlorophyll a remained low 

until day 33, after which it increased across all mesocosms at rates between 0.03 – 0.68 µg L-1 per day (Fig 

2d).rapidly after day 35 with the exception of M10 (Si-150) that exhibited an exponential increase after day 33  310 

The delayed/slow increase in chlorophyll a was likely due to the prolonged nutrient deficit within the mesocosms 

and subsequent small seed population. Chlorophyll a peaked between days 39 and 49 for all mesocosms with the 

Si-OAE treatment exhibiting a marginally higher mean peak in chlorophyll a (Si-OAE treatment: 3.78 ± 1.7 µg 

L-1, Ca-OAE treatment: 2.97 ± 0.3 µg L-1, Fig. 2d). A similar trend is observed in the uptake of NO-
3 with 

mesocosms in the Si-OAE treatment, exhibiting marginally faster depletion of NO-
3 (-0.192 µmol L-1 per day) in 315 

comparison to the Ca-OAE treatment (-0.158 µmol L-1 per day)Mesocosms in appeared to exhibit slightly and 

somewhat earlier peaks Chlorophyll a when compared to the calcium-based treatment (Fig. 2c, phase II). This 

supported by . There was no discernible relationship between total alkalinity and chlorophyll a, NO-
3 or PO-3

4 

observed across the extent of the experimental period or in a particular phase (Fig 2). However, in the Si-OAE 

treatments concentrations of Si(OH)4 were noticeably lower in mesocosms with high alkalinity, with a difference 320 

of 2.45 µmol L-1 between the Δ0 and Δ600 µmol kg-1 alkalinity treatments (Fig 2c). This trend appeared directly 

after the addition of the treatments early in the experiment and was conserved until the end of the study (Fig 2c). 
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Figure 2. Temporal variation in dissolved inorganic nutrients (a) nitrate (NO-
3), (b) phosphate (PO-3

4), (c) silicate 325 

(Si(OH)4), (d) chlorophyll a (Chla) and, (e) total alkalinity. Dissolved inorganic nutrient measurements 

commenced on day 0 while chlorophyll a measurements commenced on day 3. Vertical dashed lines represent the 

respective phases of the experiment, phase 0 (pre-alkalinity enhancement), phase I (pre-nutrient addition), phase 

II (post-nutrient addition).  

 330 



12 

 

Nonmetric multidimensional scaling (nDMS) (Fig. 3) revealed distinct distances among treatments, including 

different alkalinity source minerals and total alkalinity, in relation to silicification of the various diatom genera, 

although relatively small distances are observed between Pseudo-nitzschia and Nitzschia, likely due to their 

morphological similarities and therefore similar silica content. The distances between polygons, representing the 

Si- and Ca-based mineral treatments, indicate differences in silicification between the Si- and Ca-based mineral 335 

treatments over the total experimental period and after the addition of nutrients (Fig. 3a,c). In contrast, during 

phase I (pre-nutrient addition) polygons representing the Si- and Ca-based mineral treatments are overlapping, 

suggesting a weak relationship between alkalinity source mineral (Ca or Si) and silicification prior to the addition 

of nutrients (Fig. 3b). In all plots, symbols representing the differing levels of total alkalinity within the Si-based 

treatment are relatively closer, when compared to the Ca-based treatment which exhibits greater spread between 340 

differing levels of total alkalinity.  

 

 

Figure 3. Nonmetric multidimensional scaling ordination exploring the mean silicification of diatom genera 

across (a) the complete extent of the mesocosm experiment (stress = 0.0502), (b) pre-nutrient addition, phase I 345 

(stress = 3.62e-5), and (c) post nutrient addition, phase II (stress = 0.0612). Due to the low stress values obtained 

(<0.20), it is assumed that all configurations accurately represent distinct dissimilarities in silicification among 

diatom genera. 

3.1 Results of linear mixed effects models 

Analysis of community diatom silicification supported the distances observed within the nMDS plots with 350 

alkalinity source mineral (Ca or Si) having a significant influence on the silicification of diatom cells (Table 1, 
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Fig. 4). Cells exposed to the Si-OAE treatment were more heavily silicified irrespective of changes in total 

alkalinity (Fig. 4). However, the significant interaction between alkalinity source mineral and genus, indicates 

that the effect of the alkalinity source mineral on silicification varies between genera (Table 1). All genera 

displayed significant differences between the two alkalinity source mineral treatments with the exception of 355 

Cylindrotheca which showed no significant difference in silicification between the Si- or Ca- based mineral 

treatments (Table 2). In contrast, Total alkalinity had a significant effect on silicification between the two 

experimental phases (t ratio = -2.16, p = 0.03), with silicification increasing as a function of total alkalinity during 

phase I of the experiment (emtrend = 0.24, t ratio = 2.57, p = 0.01)(Table 1,Figure 4). However, investigation of 

the three-way interaction revealed total alkalinity did not exhibit a significant influencethe significant effect of 360 

total alkalinity on diatom silicification only to be present in phase I of the experiment in the Si-based OAE 

treatment (t ratio = 3.22, p = 0.002), despite visual trends of increasing silicification with total alkalinity observed 

on select days (day 7 and 11, Fig. 4, Table 1). NeverthelessFurthermore, the significant interaction between genus 

and total alkalinity suggests the influence of total alkalinity on silicification varies between genera. Additionally, 

there was a significant difference in community silicification between the two experimental phases, suggesting 365 

that changes in macronutrient concentrations (nitrate and phosphate) impacted silicification (Table 1 and Figure 

4).  

Finally, the significant three-way interaction between alkalinity source mineral, genus and total alkalinity suggests 

that the effect of alkalinity on silicification in given genera was dependent on the alkalinity mineral source (Table 

1). Exploration of this interaction revealed the silicification of cells in the genus Pseudo-nitzschia to be 370 

significantly influenced by alkalinity in both the Ca and Si-based treatments, with silicification increasing with 

increasing alkalinity (Table 3). In contrast, the genus Nitzschia displayed a significant increase in silicification in 

the Si-based treatment only while no other genera displayed significant differences in silicification between total 

alkalinity levels (Table 3). There were also significant differences in silicification between genera, however this 

was reduced from eight significant differences in the Si-based mineral treatment to five in the Ca-based mineral 375 

treatment (Table S2). 

Due to the significant interactions between genus and the treatments (alkalinity source mineral and total alkalinity) 

further investigation was conducted via genus level models. 

 

Table 1. Statistical results of linear mixed-effects model assessing the influence of mineral based OAE on diatom 380 

community silicification 

Source of variation df F-value P-value 

Alkalinity source mineral (Ca or Si) 1,648 146.9522.67   <0.001* 

Genus 5,113305 1305.96887.23   <0.001* 

Total alkalinity 1,648 1.590.024   0.2188 

Phase 1,6 5.2610.10   0.062* 

Alkalinity source mineral*Genus 5,113305 82.0724.12   <0.001* 

Alkalinity source mineral*Total alkalinity 1,64 0.04 0.84 

Total alkalinity*Genus 5,113305 57.6517.39   <0.001* 

Alkalinity source mineral*phase 1,64 1.29 0.26 

Total alkalinity*phase 1,64 4.64 0.03* 
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Alkalinity source mineral*Genus*Total alkalinity 5,11330 5.93 <0.001* 

Alkalinity source mineral *Total alkalinity*phase 1,64 4.02 0.05* 

Genus was included within the model as it explained a significant proportion of variance allowing for correct 

model fitting. *P<0.05 

 

Table 2. Results of post-hoc test (emmeans) comparing the influence of silicate- and calcium-based mineral 385 

treatments on genera specific silicification. 

Genus  Contrast Estimate Standard error t-ratio p-value 

Arcocellulus Ca – Si -0.69 0.08 -8.64 <0.001* 

Cylindrotheca Ca – Si 0.07 0.11 -0.67 0.51 

Nitzschia Ca – Si -0.60 0.10 -6.02 <0.001* 

Pseudo-nitzschia Ca – Si -0.41 0.08 -5.04 <0.001* 

Skeletonema Ca – Si -1.24 0.09 -14.34 <0.001* 

Thalassiosirra Ca – Si -0.91 0.09 -10.68 <0.001* 

 

Table 3. Results of post-hoc test (emtrends) assessing the influence of total alkalinity on genera specific 

silicification in across the two alkalinity source mineral treatments. 

Genus Mineral Total alkalinity mean trend Standard error t-ratio p-value 

Arcocellulus Ca 0.004 0.07 0.06 0.96 

Cylindrotheca Ca 0.10 0.09 1.13 0.26 

Nitzschia Ca 0.08 0.08 1.07 0.29 

Pseudo-nitzschia Ca 0.33 0.07 4.52 <0.001* 

Skeletonema Ca 0.06 0.08 0.79 0.43 

Thalassiosirra Ca -0.06 0.08 -0.76 0.45 

Arcocellulus Si 0.00 0.07 0.01 0.99 

Cylindrotheca Si 0.06 0.09 0.64 0.52 

Nitzschia Si 0.40 0.08 5.02 <0.001* 

Pseudo-nitzschia Si 0.37 0.07 5.31 <0.001* 

Skeletonema Si 0.03 0.07 0.50 0.62 

Thalassiosirra Si -0.04 0.07 -0.61 0.55 

 390 
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Figure 4. Single cell silicification of the diatom community depicted as mean fluorescence (PDMPO) normalised 

to cell surface area and reported in fluorescence units (FU). Data visualised as box plots, with colours representing 

the different mineral sources (Ca-OAE; blue and Si-OAE; green) and shading indicating the total alkalinity 395 

gradient with darker colours indicating higher total alkalinity. Nutrient addition on day 26 and 28 is represented 

by the dashed line dividing the experiment into phase I (pre-nutrient addition) and phase II (post-nutrient addition).  

 

Genus specific models revealed no significant differences between the two nutrient phases and/or alkalinity 

treatments with the exception of Pseudo-nitzschia, which displayed a significant increase in silicification with 400 

increasing alkalinity. Each genus was significantly influenced by the alkalinity source mineral (Ca or Si) with 

those exposed to the Si-OAE treatment exhibiting greater silicification (Table 2, Fig. 5). This is with the exception 

of Cylindrotheca which showed no significant relationship between silicification and alkalinity source mineral, 

total alkalinity and/or phase (Table 2, Fig. 5).  

 405 

Table 2. Statistical results of linear mixed effects models exploring the effect of alkalinity source mineral, total 

alkalinity, and experimental phase on silicification for a given genus.  

Genus Source of variation df F-value P-value 

Arcocellulus Alkalinity source mineral 1,59 14.09   <0.001* 

 Total alkalinity 1,59 0.64   0.43 
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 Phase 1,6 3.13   0.13 

Cylindrotheca Alkalinity source mineral 1,38 0.15   0.70 

 Total alkalinity 1,38 4.06   0.05 

 Phase 1,6 5.26   0.06 

Nitzschia Alkalinity source mineral 1,36 8.61   0.006* 

 Total alkalinity 1,36 0.47   0.50 

Pseudo-nitzschia Alkalinity source mineral 1,56 50.5327   <0.001* 

 Total alkalinity 1,56 5.5192   0.02* 

 Phase 1,6 5.2467   0.06 

Skeletonema Alkalinity source mineral 1,53 23.21   <0.001* 

 Total alkalinity 1,53 2.11   0.15 

 Phase 1,6 4.80   0.07 

Thalassiosira Alkalinity source mineral 1,53 68.64   <0.001* 

 Total alkalinity 1,53 3.84   0.06 

 Phase 1,6 4.08   0.09 

Phase was not included for Nitzschia as this genus was only present in phase II. * P<0.05 
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 410 

Figure 5. Boxplots depicting single cell silicification of different genera. Silicification is shown as mean cell 

fluorescence (PDMPO) normalised to cell area and reported in fluorescence units (FU). Colours representing the 

different mineral sources (Ca-OAE; blue and  Si-OAE; green) and shading indicating the total alkalinity gradient 

with darker colours indicating higher total alkalinity. Nutrient addition on day 26 and 28 is represented by the 

dashed line dividing the experiment into phase I (pre-nutrient addition) and phase II (post-nutrient addition), with 415 

genera names in the top right of each plot. 

 

Concentrations of BSi in the water column can be seen decreasing from day 0 (mesocosm closure) and remaining 

low until day ~33 (Fig 6a). Directly after the addition of Na2SiO3 (day 7), BSi in the water column spiked for one 
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day in the silicate-based treatments, while no increase was observed in the calcium-based treatment (Fig 6a). BSi 420 

began to increase in all mesocosms between days 33-35, however concentrations in the Ca-OAE treatments 

remained relatively low (<2 µmol L-1) for the extent of the experiment (Fig 6a). We observed no significant 

relationship between BSi and alkalinity in either of the alkalinity source mineral treatments (Ca or Si) or any phase 

of the experiment (Table 3). During phase II, concentrations of BSi in the water column were significantly higher 

in the Si-OAE treatment when compared to the Ca-OAE treatment (Table 4, Fig 6a). Additionally, we observed 425 

significant differences in the accumulation of BSi in the sediments between the two alkalinity source mineral 

types (Table 43, Fig. 6b). Similar to the water column, there was an initial increase in sedimented BSi in the Si-

OAE treatment when compared to the Ca-OAE treatment (Fig 6b). During phase I there was a 0.47 µmol L-1 

difference in the amount of BSi accumulated in the sediment trap between the highest (Δ600 µmol kg-1) and lowest 

(Δ0 µmol kg-1) alkalinity levels in the Si-OAE treatment. However, there was less variability between the  Δ150, 430 

Δ300 and Δ450 alkalinity treatments, contributing to the non-significant effect of alkalinity on BSi accumulation 

in the sediment trap (Table 3). Furthermore, irrespective of experimental phase, there was no significant 

relationship between alkalinity and BSi accumulated in the sediment.Visual inspection of Figure 6b suggests that 

BSi in the sediment trap increased with alkalinity, however this was not statistically significant for any phase of 

the experiment (Table 3).  435 

 

Table 43. Results of linear models exploring the effect of alkalinity source mineral and total alkalinity on average 

concentrations of BSi in the water column or sediment trap for a given phase. 

Phase Parameter Source of variation df F-value P-value 

Phase 0 BSi water column Mineral 1 0.70 0.43 

  TA 1 0.70 0.43 

Phase 0 BSi sediment Mineral 1 0.20 0.67 

  Total alkalinity 1 0.35 0.57 

Phase I BSi water column Mineral 1 70.88 <0.001* 

  TA 1 1.76 0.23 

Phase I BSi sediment Mineral 1 46.44 <0.001* 

  Total alkalinity 1 4.80 0.06 

Phase II BSi water column Mineral 1 47.15 <0.001* 

  TA 1 2.02 0.20 

Phase II BSi sediment Mineral 1 82.6109 <0.001* 

  Total alkalinity 1 0.64 0.45 

Day 53 BSi sediment Mineral 1 45.57 <0.001* 

  Total alkalinity 1 0.0005 0.98 
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 440 

Figure 6. Temporal variations of (a) biogenic silica (BSi) in the water column, and (b) accumulation of BSi in 

the sediment trap across alkalinity source minerals and total alkalinity treatments during the extent of the 

experimental period. Nutrient addition on day 26 and 28 is represented by the dashed line dividing the experiment 

into phase I (pre-nutrient addition) and phase II (post-nutrient addition). 

4 Discussion 445 

Understanding the potential environmental implications of CDR methods such as OAE is a crucial step before 

decisions are made upon their implementation at large scales. The aim of this mesocosm study was to form part 

of this research by assessing the potential effects of calcium- and silicate-based mineral OAE on a coastal plankton 

community. Here, we specifically discuss the influence of simulated mineral based OAE on diatom community 

and genus specific silicification. TheOur results of our study revealed silicate fertilisation associated with silicate-450 

based OAE to significantly increase silicification in the diatom community and all genera with the exception of 



20 

 

Cylindrotheca. This increase in silicification was primarily a result of the increased concentration of dissolved 

silicate in the silicate-based OAE treatments rather than an increase in alkalinity. However, in addition to the 

influence of silicate fertilisation, Pseudo-nitzschia and Nitzschia were both significantly affected by changes in 

alkalinity. Pseudo-nitzschia exhibited a significant increase in silicification with increasing alkalinity across both 455 

OAE treatments (Si and Ca) while Nitzschia only displayed an increase with silicification in the Si-OAE treatment. 

Overall trends observed in the silicification of the diatom community were confirmed by increased concentrations 

of BSi in the water column and accumulated in the sediment trap of mesocosms in the Si-OAE treatment. The 

increase of seawater alkalinity by 0 – 600 µmol kg-1 had no effect on the concentration of BSi in the water column, 

accumulated in the sediment or overall diatom community silicification. Pseudo-nitzschia was the only genus 460 

significantly affected by increases in alkalinity, exhibiting a significant increase in silicification with increasing 

alkalinity. In conjunction with published OAE research, our findings highlight the need for research to cover a 

broad range of environmental conditions, approaches to OAE and marine communities. 

 

4.1 Temporal dynamics of biogenic silica in the water column and sediment 465 

We observed no significant relationship between alkalinity and BSi in the water column or accumulated in the 

sediments (Fig 6 a,b). In contrast, concentrations of BSi in the water column and accumulated in the sediments 

were significantly greater in the Si-OAE treatment before and after macronutrient additions. These trends support 

observations for community- and genera-specific silicification, with diatoms in the Si-OAE being more heavily 

silicified.  470 

 

Notably, BSi accumulation in the sediments of the Si-based OAE treatment group was greatest in the highest 

alkalinity mesocosm (Δ600 µmol kg-1) and lowest in the control mesocosm (Δ0 µmol kg-1) during phase I (Fig. 

6b). This difference emerged immediately after the addition of Na2SiO3 to the Si-based OAE treatment. However, 

no build-up of chlorophyll a or significant build-up of BSi in the water column was observed in the days prior to 475 

the emergence of this trend, suggesting the sedimented BSi is an artefact of the Na2SiO3 addition to the silicate-

based treatments. Our interpretation of these findings are that (1) there were residual precipitates in the Na2SiO3 

solution added to the mesocosms resulting in increased BSi in the water column, and/or (2) that there was pH 

dependent, inorganic precipitation of amorphous silicate, with these precipitates sinking out into the sediment trap 

(Goto, 1956; Okamoto et al., 1957; Owen, 1975). The latter is supported by recent work conducted by Gately et 480 

al. (2023), whose abiotic experiments revealed a decrease in DSi dissolved silicate as TA increased, with scanning 

electron microscopy revealing mineral precipitates formed in high alkalinity seawater to be primarily composed 

of silicon and oxygen. Precipitation of silica within mesocosms may have been supported by ionic interactions 

between magnesium (or trace metals e.g. iron, aluminium) and silicate, pressure and relatively low temperatures 

at depth (Ehlert et al., 2016; Goto, 1956; Spinthaki et al., 2018).  485 

4.2 Effect of enhanced silicate concentration on silicification rates 

Ca- and Si-based OAE appeared to have a notable influence on silicification of the diatom community. However, 

this influence is attributed to the mineral treatment type, either silicate or calcium based, with a significant 

relationship between silicification and alkalinity only observed for the genus Pseudo-nitzschia and Nitzschia (Si-
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OAE treatment only). Diatoms in the Si-OAE treatment incorporated considerably more silicate over the 24-hour 490 

incubation period resulting in increased silicification. This outcome was expected not unexpected, especially 

considering the consistently low (likely limiting) concentrations of Si(OH)4 observed in the Ca-OAE treatment 

throughout the majority of the experiment. Si(OH)4 is the key nutrient in the construction of the silicate-based 

frustule of diatoms, with low concentrations often becoming a limiting factor for growth (Martin-Jézéquel et al., 

2000). It has been shown that before silicate concentrations become growth limiting, diatoms first respond by 495 

thinning their frustules (McNair et al., 2018; Paasche, 1975). Whilst this phenomenon has been observed in several 

studies (McNair et al., 2018; Rocha et al., 2010; Shimada et al., 2009), our mechanistic understanding of how 

diatoms adjust their silicon quotas is unclear (Milligan et al., 2004). Interestingly, an initial thinning followed by 

subsequent thickening of diatom frustules has been observed at non-growth limiting silicate concentrations 

(McNair et al., 2018). This may be an adaptive trade-off by which diatoms respond to lower silicate concentrations 500 

by decreasing their silicon quotas in favour of maintaining similar growth rates; a strategy that allows cells to 

respond to dynamic changes in silicate concentrations while maintaining a similar population size. Such rapid 

responses have been observed in both culture and field based experiments with diatoms responding to increases 

in silicate within several hours while responses to nitrate additions, after prolonged nitrate stress, took over 30 hrs 

(McNair et al., 2018; Rocha et al., 2010). As such, it is possible that the low concentrations of Si(OH)4 observed 505 

in the Ca-OAE treatment, resulted in diatoms prioritising growth over silicate incorporation leading to 

significantly less silicification when compared to the Si-OAE treatment. Detailed measurements of diatom growth 

(not assessed here) would be required to confirm this hypothesis. We recommend future experiments consider this 

and assess diatom growth alongside measures of silicification to enable the exploration of potential trade-offs 

between growth and silicification. 510 

 

Interestingly, the experimental phase (pre- or post-nutrient addition) did not influence the relationship between 

silicification and mineral source (Si or Ca). This is supported by additional statistical analysis assessing the period 

at which nutrients were replete (days 28 – 39) revealing no significant difference in community silicification 

between the Ca- and Si-OAE treatments (Table A1). Hence, we may infer that the silicate-based treatment only 515 

benefited the diatom community through the increase in silicification during periods where otherwise Si(OH)4 

would be limiting. Nevertheless, changes in the normal cycling of silicate, resulting in increased silicification is 

likely to have significant ecological implications including shifts in community composition and predation rates 

(Egge and Aksnes, 1992; Liu et al., 2016).  

 520 

We observed a significant relationship between phase and community silicification suggesting that the low NO-
3 

and PO-3
4 concentrations across all mesocosms during phase I of the experiment, resulted in decreased 

silicification, irrespective of Si(OH)4 concentrations. Increases in cell silica quotas have often been correlated 

with decreased growth rates and subsequent lengthening of the G2 phase allowing more silica to be incorporated 

before cell division (Claquin et al., 2002; Martin-Jézéquel et al., 2000; Timmermans et al., 2004). Furthermore, 525 

decreased nitrate, phosphate and light availability have all been shown to limit diatom growth and subsequently 

increase silicification (Claquin et al., 2002; Martin-Jézéquel et al., 2000). As such, if growth rates were nutrient 

limited during phase I, we would expect an increase in silicification. As this was not the case in our experiment 

we suggest, whilst nutrients may have been growth-limiting, they were not low enough to induce the observed 

https://www.zotero.org/google-docs/?broken=rgpZcu
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changes in silicification across experimental phases. Instead, our observations are likely explained by a nutrient-530 

induced shift in diatom community composition towards more heavily silicified species such as Skeletonema and 

Pseudo-nitzschia (Fig A1) (Martin-Jézéquel et al., 2000). The shift in community composition provides an 

explanation for the absence of a correlation between experimental phase and silicification for each genus. We note 

that, although not statistically significant, a general trend of increasing silicification soon after nutrient addition 

appears to be present for each genus. Similar trends have been observed in previous work, with  nitrate and 535 

phosphate limitation influencing silicification, however this is often secondary to other macro and micro nutrients 

such as silicate (Durkin et al., 2013; Shimada et al., 2009). Finally, we note that silicification was greatest on days 

41 and 45 when nutrients were approaching depletion. Thus, it is possible that towards the end of the experiment 

when nutrients were depleted, growth rates slowed significantly resulting in an increase in silicification. 

4.3 Effect of carbonate chemistry manipulations on diatom silicification  540 

We detected no clear significant relationship between total alkalinity and genus specific silicification in this 

mesocosm study, with the exception of Pseudo-nitzschia which was more heavily silicified in higher alkalinity 

treatments. Nitzscshia also displayed increases in silicification in higher alkalinity treatments, however this was 

only observed in the Si-OAE treatment. In addition, we observed a significant effect of total alkalinity on 

silicification during phase I of the experiment. This result was primarily due to the Si-OAE based treatment due 545 

to the significant three-way interaction between total alkalinity, alkalinity source mineral and experimental phase. 

Previous physiological studies have found tight links between diatom silicification and components of the marine 

carbonate chemistry system (CO2 and pH) (Gao et al., 2014; Hervé et al., 2012; Li et al., 2019; Petrou et al., 2019; 

Zepernick et al., 2021). However current research presents some inconsistencies in the relationship between 

silicification and carbonate chemistry. Petrou et al. (2019) found that silicification decreased at increased pCO2 550 

and low pH expected as a result of ocean acidification. In contrast, research conducted by Li et al. (2019) and 

Zepernick et al. (2021) found the opposite with silicification decreasing at increasing pH/alkaline conditions. It is 

important to note that both Li et al. (2019) and Petrou et al. (2019) simulated ocean acidification, increasing pCO2 

while total alkalinity remained constant. In contrast, Hervé et al. (2012) and Zepernick et al. (2021) altered the 

carbonate chemistry of their respective media via additions of NaOH and HCl thereby manipulating the 555 

concentrations of carbon species but not altering total DIC values. This allows for a more direct comparison to be 

made with the results presented here as OAE in its unequilibrated form results in changes in carbon species 

concentrations without significant differences in DIC. Hervé et al. (2012) found silica incorporation rates to 

decrease from pH 6.4 to 8.2 and increase from 8.2 to 8.5. Visual inspection of the data presented by Hervé et al. 

(2012) showed that the incorporation of silicate into a cell at pH 8.5 was marginally less than that at lower pH 560 

values (no statistics were provided for this measurement in the cited article). In support of this, Zepernick et al. 

(2021) found no significant difference in the silicification of freshwater diatoms at pH 7.7 and 8.6, only between 

pH 7.7 and 9.2 was a significant decline in silicification observed. In our study, total alkalinity values 

corresponded to a pH range from approximately 8.0 to 8.75 (total scale). Thus, it is possible that the enhancement 

of alkalinity in our study and corresponding changes in carbonate chemistry were not extreme enough to result in 565 

a significant change in the silicification of the diatom community or individual specific genera.  

The pennate Pseudo-nitzschia was the only genus to exhibit a significant increase in silicification with increasing 

alkalinity irrespective of the mineral treatment type. In contrast, Nitzschia displayed a similar relationship between 
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silicification and alkalinity however this was only in the Si-OAE based treatment. This relationship is similar to 

that observed by Petrou et al. (2019) who found several pennate species to exhibit a close relationship between 570 

silicification and carbonate chemistry conditions. Such a finding suggests that changes to silicification as a result 

of OAE is likely to be genus or species-specific supporting current knowledge surrounding the large variation in 

silicification between species (Martin-Jézéquel et al., 2000; Rousseau et al., 2002; Timmermans et al., 2004). 

 

To conclude this section, we would like to highlight that other factors, which were not controlled for in this 575 

experiment, may have also contributed to the lack of a significant difference in silicification observed here. 

Silicification is influenced by a range of environmental parameters, such as macronutrient concentrations 

(primarily silicate) (Claquin et al., 2002; Shimada et al., 2009), light intensity (Su et al., 2018; Taylor, 1985), and 

predation (Liu et al., 2016; Pondaven et al., 2007), which may have masked potential effects of total alkalinity on 

silicification. It is possible that OAE effects on silicification may be identifiable in other experimental settings 580 

with different boundary conditions and environmental controls. This is supported by the specific scenarios in 

which silicification was significantly influenced by total alkalinity here (i.e. during phase I of the experiment in 

the Si-OAE based treatment). For example, oOur previous OAE study assessing the influence of a ~500 µmol kg-

1 alkalinity increase on coastal Tasmanian plankton communities found significant effects of OAE on silicate 

dynamics, suggesting changes in diatom community silicification (Ferderer et al., 2022). These differences 585 

suggest that boundary conditions are important and that many studies assessing the effects of OAE on diatom 

communities will be needed to extract more robust response patterns across a range of conditions, consistent with 

conclusions drawn from a synthesis on diatoms in the context of ocean acidification (Bach and Taucher, 2019). 

5 Implications for the implementation of OAE and outlook 

In conclusion, our study underlines that the use of silicate-based minerals for OAE can significantly affect 590 

silicification of the diatom community and specific genera. This result was expected and consistent with our 

current understanding of dissolved silicate effects on diatom communities (Baines et al., 2010; Egge and Aksnes, 

1992; Hauck et al., 2016; Tréguer et al., 2021). The significant influence of Si(OH)4 on diatom silicification is not 

surprising, as it can be a limiting nutrient for diatoms, with previous studies having shown the benefits of increased 

Si(OH)4 concentrations as a result of olivine-based mineral dissolution (Baines et al., 2010; Hutchins et al., 2023; 595 

Martin-Jézéquel et al., 2000; Wischmeyer et al., 2003). It is important to note that this experiment was designed 

to specifically assess the potential interactive effects of OAE and magnesium silicate fertilisation associated with 

silicate based minerals proposed for use in mineral based OAE. Such an interaction was explored as there are 

several potential minerals proposed for use in mineral based OAE all which vary in their respective dissolution 

products. As such we did not control for or assess other ecologically important dissolution products found in 600 

silicate based minerals e.g. iron and nickel which have been shown to have significant ecological implications for 

plankton communities (Xin et al., 2023; Hutchins et al., 2023; Guo et al., 2022; Boyd et al., 2007). Further 

exploration of potential dissolution products and their effects on plankton communities in the presence and 

absence of changing carbonate chemistry conditions are encouraged in future research.  

 605 

In contrast to the clear effects of dissolved silicate fertilisation on silicification, we found no limited evidence to 

suggest that the enhancement of seawater alkalinity by 0 – 600 µmol kg-1 affects community level genera specific 
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silicification, and limited evidence to suggest it influences genera-specific silicification. The lack of a clear 

alkalinity effect on silicification was unexpected, especially in the higher alkalinity treatments, which 

corresponded to a substantial change in carbonate chemistry conditions. It is important to note that increases in 610 

alkalinity above Δ400 µmol kg-1 this are considered tois a be relatively extreme levels of OAE, yet only one two 

genusgenera, Pseudo-nitzschia and Nitzschia, exhibited significant changes in silicification as a result of the 

gradient inchanges in carbonate chemistry employed here (Schulz et al., 2023). Real world applications are 

predicted to employ significantly less extreme perturbations of the marine carbonate chemistry system (apart from 

sites of direct alkalinity addition). As such, one might hypothesize that impacts may be less significant. 615 

Furthermore, such perturbations would be relatively short lived in real world applications since dilution of the 

perturbed water bodies occurs, unlike the sustained changes observed within mesocosms presented here (He and 

Tyka, 2023; Wang et al., 2023). Irrespective of this, there is substantial empirical evidence suggesting that changes 

in carbonate chemistry through ocean acidification will influence diatom communities, their growth, various 

aspects of silicification (e.g. rate, degree of) and subsequently silicate cycling in the ocean (Bach and Taucher, 620 

2019; Gao et al., 2014; Li et al., 2019; Milligan et al., 2004; Petrou et al., 2019; Taucher et al., 2022). Additionally, 

our previous work has shown that an increase in total alkalinity of ~500 µmol kg-1 has a significant influence on 

the uptake of dissolved silicate and production of BSi in a coastal phytoplankton community (Ferderer et al., 

2022). The mixed outcomes observed here and in the limited OAE studies so far suggest that the responses of 

diatoms will differ and be dependent on the community and environmental boundary conditions. More community 625 

studies, ideally with closely aligned experimental setups, will be needed to discern whether the response of 

diatoms to OAE forms any robust patterns. Such ecological observations subsequently need mechanistic 

underpinning, potentially achievable through the intelligent design of physiological experiments (Collins et al., 

2022). Ultimately, the goal should be to provide predictive understanding of the role of diatoms and eventually 

all major functional plankton groups under the differing strategies of OAE. 630 
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Appendix A 

Table A1. Linear mixed effects model looking at the effect of the mineral source type on silicification during 

nutrient replete conditions days 28 – 39. 

Source of variation df F-value P-value 

Alkalinity source mineral (Ca or Si) 1,25 2.01   0.17 

Genus 5,4423 344.05 <0.001* 

Total alkalinity 1,25 0.11 0.74 

Alkalinity source mineral*Genus 5,4423 19.09 <0.001* 

Total alkalinity*Genus 5,4423 6.86 <0.001* 

Genus was included within the model as it explained a significant proportion of variance allowing for correct 635 

model fitting. *P<0.05 
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Figure A1. The percentage contribution of major diatom genera to the total diatom community (cell 

numbers) as a function of alkalinity mineral source and total alkalinity over the two experimental phases 

separated by the dashed vertical line (I pre-nutrient addition and II post-nutrient addition)for: (a) 640 

Thalassiosira, (b) Nitzschia, (c) Skeletonema, (d) Pseudo-nitzschia, (e) Cylindrotheca, (f) Arcocellulus.  
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