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Abstract

Ocean alkalinity enhancement (OAE) aims to counteract climate change by 
increasing the ocean's carbon storage capacity through the addition of alkaline 
substances into seawater. However, this process alters seawater chemistry, 
increasing total alkalinity (TA) and pH, which can directly influence marine 
organisms’ metabolic activities or indirectly impact them through changes in prey 
availability and quality. This study disentangled the OAE-driven factors that 
might influence zooplankton physiology. We assessed the direct effect of altered 
chemistry on the copepod, Temora longicornis, and the indirect effect through 
changes in the phytoplankton prey, Rhodomonas salina. We cultured the prey in 
OAE conditions and used it to feed copepods to investigate the indirect effect. We 
found that OAE negatively impacted prey growth but improved its nutritional 
quality, offsetting the direct negative impact of OAE on the copepod. These 
findings regarding OAE’s impact on prey-predator dynamics contribute to a 
deeper understanding of how OAE might influence zooplankton communities.

Keywords: Ocean Alkalinity Enhancement, Carbon dioxide removal, Negative Emission Technology, 
Environmental impacts, Copepod

1. Introduction

While rapid reductions in CO2 emissions are essential to limit global warming below 2°C, climate models 
suggest achieving this goal will require the parallel application of carbon dioxide removal (CDR) approaches 
using negative emission technologies (NETs)1,2. Gigatons of atmospheric CO2 need to be removed, and either 
utilized or safely stored3. Oceans, which have sequestered one-fourth of anthropogenic CO2 emissions since 
industrialization, could significantly contribute as CO2 sink if their buffering capacity is restored4,5. CO2 not only 
dissolves in seawater but also reacts to form carbonic acid (H2CO3), which dissociates into bicarbonate (HCO3

-) 
and hydrogen (H+) ions. The HCO3

- further breaks into carbonate (CO3
2-) and H+, reducing seawater pH and 
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buffering capacity, causing Ocean Acidification (OA) and negatively affecting marine calcifying organisms6 and 
reducing seawater’s buffering capacity to take up more atmospheric CO2

7. 
Ocean alkalinity enhancement (OAE) emerges as a promising CDR method that can be scaled to enhance 

seawater’s buffering capacity and remove substantial amounts of atmospheric CO2 without further acidifying the 
seawater8. OAE involves adding alkaline substances to increase seawater's total alkalinity (TA)9. These substances 
release proton acceptors that bind with proton donors’ H+, neutralizing acidity and shifting carbonate chemistry 
equilibrium towards HCO3

- and CO3
2- 10. Among various alkalizing substances, slaked lime (Ca(OH)2) is notable 

for its worldwide availability11, rapid dissolution12, and low toxicity13. When added to seawater, slaked lime 
dissociates into calcium ions (Ca2+) and hydroxide ions (OH-) which react with the H+, leading to a pH increase. 
The remaining H+ reacts with the dissolved CO2 to form HCO3

-, and CO3
2-, thereby increasing seawater’s TA. 

This process reduces the seawater’s partial pressure of CO2 (pCO2), creating an imbalance between oceanic and 
atmospheric pCO2 levels. Thus, the diffusive processes to equilibrate with the atmosphere foster the ocean’s CO2 
uptake capacity10. During this equilibration, seawater pH remains elevated, with timescales varying from months 
to years depending on the physicochemical characteristics of the OAE application area14. In this CDR method, the 
elevated pH before equilibration may pose risks to marine life15.

Several computational studies have assessed the efficiency of OAE as a CDR method7,16–20, with a recent focus 
on its ecological safety, particularly regarding phytoplankton21–24. However, studies on higher trophic levels like 
zooplankton, the most abundant metazoans globally, remain underexplored25–27. Copepods, which dominate 
zooplankton biomass, are globally distributed, with calanoid copepods contributing up to 80%28. Furthermore, 
copepods contribute significantly to the carbon flux and nutrient cycling by producing carbon- and nutrient-rich 
fecal pellets, molting exoskeletons, and performing diel vertical migration29–31. While alterations in copepod 
physiology can affect their roles in ecological and biogeochemical processes, no data currently exist on OAE’s 
impacts on their metabolic activities, such as respiration and grazing. Moreover, copepods' metabolic activities 
are highly linked to their prey, the phytoplankton. Since OAE might directly affect the quantity or availability and 
nutritional quality of the prey15, these changes can further indirectly affect the metabolic rates of the copepod. 

In this study, we used a slaked lime-simulated OAE approach to manipulate seawater chemistry and study both 
the direct and indirect effects of OAE on the physiology of Temora longicornis, a calanoid copepod species 
prevalent in the northern hemisphere throughout the years32,33 and key prey for commercially relevant fish34. Since 
this copepod cannot store energy reserves, it constantly depends on the availability of high-quality prey35 and 
could be sensitive to OAE-mediated seawater chemistry changes.

OAE likely affects phytoplankton growth by limiting carbon availability, due to lower pCO2, leading to reduced 
prey availability for copepods with potential impacts on their metabolic rates. However, changes in carbon 
availability may also alter phytoplankton's elemental composition36. OAE-caused reduced carbon availability 
might result in phytoplankton with lower carbon-to-nutrient ratios, enhancing the nutritional quality of prey for 
copepods. To disentangle these potential OAE effects on T. longicornis, we carried out three sets of experiments 
aimed at separating the influence of seawater chemistry, prey availability, and prey quality changes on the 
copepods. In Experiment 1, we investigated the direct impact of OAE-induced carbonate chemistry changes. In 
Experiment II, we assessed the combination of the direct impact of OAE-induced carbonate chemistry changes 
and the indirect impact of OAE-influenced prey quality changes. In Experiment III, we assessed the combination 
of the direct impact of OAE-induced carbonate chemistry changes and the indirect impact of OAE-influenced 
prey quality and availability changes.

2. Material and methods

2.1 Experimental design

Two trophic levels were considered to explore both the direct effects of OAE and the indirect effects through 
varying availability and quality of the prey, the cryptophyte Rhodomonas salina (Wislouch) (D. R. A. Hill and R. 
Wetherbee, 1989), on the physiology of the copepod Temora longicornis (Müller O. F., 1785). To disentangle 
these effects, three experiments were conducted to measure copepod’s metabolic responses across six different 
TA levels. 

In Experiment I, the direct effects of OAE on copepods were assessed by feeding them prey cultured in natural 
seawater without alkalinity manipulation (Figure 1A). Experiments II and III aimed to investigate the further 
impacts of both direct and indirect OAE effects through altered prey conditions. In these experiments, the prey 
was cultured at the same six TA levels as the copepods. Experiment II focused on assessing the influence of prey 
quality, feeding copepods a consistent cell density of prey from corresponding TA cultures to ensure uniform food 
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quantity across TA levels (Figure 1B). Experiment III investigated the combined effects of prey availability and 
quality by feeding copepods equal volumes of prey cultures from corresponding TA levels, reflecting differences 
in food availability due to varying algae growth at each TA level (Figure 1C).

Figure 1. Graphical representation of the experimental setup. (A) Experimental setup for Experiment I, 
assessing the direct effect of OAE-induced carbonate chemistry changes on copepods. (B) Experimental setup for 
Experiment II, combining the indirect effect of OAE-driven prey quality changes with the direct impact of 
carbonate chemistry changes on copepod.  (C) Experimental setup for Experiment III, combining the indirect 
effects of OAE-driven prey quality and availability changes with the direct impact of carbonate chemistry changes 
on copepods. All setups were maintained for four days and copepods’ metabolic rates were measured on day five. 
Created with BioRender.com.

2.2 Seawater chemistry alteration and measurement

To achieve target seawater TA levels, stock solutions of sodium hydroxide (NaOH) (Mereck) and calcium 
chloride (CaCl2) were prepared in Milli-Q water and added to UV-sterilized, filtered (0.2µm) natural seawater. 
The CO2SYS program37 was used to calculate the required stock solution volumes for six TA levels, increasing 
by 250 µmol L-1 increments, resulting in ΔTA levels of 0, 250, 500, 750, 1000, and 1250 μmol L-1. The study was 
conducted at the Helgoland Roads long-term observation site (54°11′N, 07°54′E) in the southern North Sea 
(Figure S1)38. During the study, the average TA of natural seawater was 2314 (±16.23) µmolL-1. Therefore, the 
highest achieved TA level reached 3531 (±51.26) µmol L-1. We simulated the slaked lime (Ca(OH)2) induced 
alkalinity enhancement, where 1 mole of Ca(OH)2 removes 2 moles of CO2 and produces 2 moles of HCO3

- 
(equations 1 and 2).

CaCl2 + NaOH → Ca(OH)2 + 2NaCl                                                                                                                    (1)                                          
Ca(OH)2 + 2CO2 → Ca2+ + 2HCO3

-                                                                                                                      (2)

Post-manipulation, TA, and pH were measured, while temperature and salinity were recorded earlier to calculate 
the stock solution volumes. TA samples were filtered with non-pyrogenic sterile 0.2 µm filters (Sartorius) and 
stored at 6°C until analysis. TA was determined by titration with 0.1 M sulfuric acid within an 855 Compact 
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Titrosampler (Metrohm), and pH was measured with a probe (WTW MultiLine® Multi 3630 IDS). Additional 
carbonate chemistry parameters (e.g., pCO2, DIC) were calculated from the TA, pH, temperature, and salinity 
using the CO2SYS program, with stoichiometric equilibrium constants from Lueker et al.39 and default settings 
for other constants.

2.3 Copepod sampling and laboratory maintenance

Copepods were collected at the Helgoland Roads long-term observation site during spring 2023 (March-April) 
(Figure S1), using an Apstein plankton net (150µm mesh). Samples were transported in a cooling box with 
seawater to maintain the sampling site’s temperature. In the laboratory, active T. longicornis at copepodite stages 
IV and V were picked under a stereomicroscope (Olympus SZX16) and transferred to 5L bottles (~100 copepods 
per bottle) containing UV sterilized, filtered (0.2 µm) natural seawater. Copepods were placed in a temperature-
controlled room at 6°C to replicate the sampling site conditions. Copepods were incubated for one day with 
adequate food with a density of 15000 prey cells per copepod, which is considered ad libitum food for the 
copepod's copepodite life stages. The next day, stock solutions were added to the copepod incubation bottles to 
achieve the desired TA levels. TA and pH were measured post-manipulation. The copepods were incubated at six 
TA levels for four days before measuring their respiration and grazing rates on the fifth day. During incubation, 
the water was stirred gently with a glass rod three times daily to keep the prey suspended.

2.4 Culture and laboratory maintenance of copepod’s prey

The prey, cryptophyte Rhodomonas salina, was cultured in f/2 media prepared with UV sterile-filtered (0.2 
µm) natural seawater in a temperature-controlled room at 18°C, with a 12:12h light/dark cycle at a photon flux of 
180 µmol m-2 s-1 40. This culture was used to feed the copepods during the incubation period and the grazing 
experiment for each of the TA levels in Experiment I. During Experiments II and III, the prey was cultured also 
in six TA levels under the same temperature and light conditions in 600 ml culture flasks, which were sealed with 
lids fitted with filters. All cultures were maintained in triplicate sets for six days following the TA manipulation. 
As in Experiment I, these cultures were used to feed the copepods at corresponding ΔTA levels during the four-
day incubation period in Experiments II and III and also used on the fifth day for the grazing experiment. 

2.5 Copepod’s feeding regime

In Experiments I and II, the copepods were provided with ad libitum prey incubated in each TA level. In these 
two experiments, the food quantity remained consistent across all TA levels, but the quality differed. In 
Experiment I, copepods received uniform-quality food across all TA levels because the prey was cultured under 
uniform conditions. In Experiment II, the copepod received varying qualities of food because the prey was cultured 
under different TA levels, leading to variation in its elemental composition. In Experiment III, the quantity of prey 
for copepods remained the same only at ΔTA 0 µmol L-1, while it varied across the other TA levels due to the 
differing growth rates of the prey across TA levels. As a result, copepods in Experiment III received varying 
quantities and qualities of food across the TA levels. 

Every day we measured the prey cell density (R. salina cell numbers/volume of culture media) to calculate the 
required volume of prey culture to feed the copepods in ad libitum. In Experiment I, we had only a single culture 
at ΔTA 0 µmolL-1. In Experiment II, the cell densities of prey were estimated daily for each ΔTA level to determine 
the required culture volume needed to provide the same quantity of prey to the copepods for every treatment. 
Therefore, we added different volumes of cultures to reach the ad libitum food for the copepod in each TA level. 
In Experiment III, the cell density of prey at ΔTA 0 µmolL-1 was measured daily to calculate the required volume 
to feed the copepods at the other five TA levels (from ΔTA 250 to ΔTA 1250 µmolL-1). The estimated volume of 
prey culture from ΔTA 0 µmolL-1 was taken from each TA level to feed the copepods at the corresponding TA 
levels. Hence, each treatment received the same volume with different prey quantities along with different prey 
quality.

2.6 Assessment of variation in Prey’s quality & availability with increased TA 

2.6.1 Prey’s growth rate estimation 
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The cell density of each prey culture at different TA levels was documented every day by obtaining cell counts 
using the CASY particle counter (Schärfe System, Reutlingen, Germany). After six days of incubation, the growth 
rate (µ) was calculated using the following equation.

𝜇(𝑑―1) =
(𝑙𝑛(𝑁1) ― 𝑙𝑛(𝑁0))

𝑡  
Here, N0 and N1 are the number of cells at time t0 and t1, and t is the difference in time (d), in this case 6 days, 

between t0 and t1 samples.

2.6.2 Prey’s photochemical efficiency estimation 

The photochemical efficiency of photosystem II (Fv/Fm) was measured using the FastAct System and FastPro8 
software (Chelsea Technologies Group). The samples were kept in the dark for at least 20 minutes at room 
temperature before measurement (Schreiber et al., 1995). After TA manipulation Fv/Fm measurements were taken 
for each culture from day one to day four. The mean Fv/Fm value was then calculated using the measurements 
obtained from triplicate cultures at each TA level. The following formula was used to calculate the Fv/Fm.

𝐹𝑣/𝐹𝑚 =  (𝐹𝑚 ― 𝐹0)/𝐹𝑚
Fm and F0 are the maximum and minimum fluorescence of the samples.

2.6.3 Prey’s elemental composition analysis

The particulate Carbon (C), Nitrogen (N), and Phosphate (P) were measured to assess the elemental 
composition of prey. On day five, known quantities of prey from each TA level were filtered on pre-combusted 
(500°C for 24 h) glass microfiber filters (Whatman GF/F, 25 mm diameter). For C and N measurements, the filters 
were transferred to 6-well plates and dried (60ºC for at least 24h). The dried filters were then folded in aluminium 
foil and stored in a desiccator until analysed using a Vario Micro cube CHN analyzer (Elementar Analysensysteme 
GmbH, Hanau, Germany). For the P measurement, the filters were preserved in the freezer at -20°C for subsequent 
analysis. The P content was determined as orthophosphate following acidic oxidative hydrolysis with 5% H2SO4

41. 
P levels were measured using an autoanalyzer (Thermo Scientific Multiskan® Spectrum) at an absorbance of 
880nm. The C:N, C:P, and N:P ratios were calculated as molar ratios.

2.7 Analysis of copepods’ metabolic activity 

In all experiments, after four days of incubation, the copepods' respiration and grazing rates were measured on 
the fifth day. Respiration rate was assessed by measuring O2 consumption using a non-invasively optical 
fluorescence-based 24-channel oxygen respirometer (oxygen meter-SDR SensorDish Reader, PreSens Precision 
Sensing GmbH, Regensburg, Germany)42 and gas-tight glass vials with a volume of 2.7 ml containing an O2 sensor 
type PSt5 (PreSens, Regensburg, Germany). The O2 consumption rate was determined by monitoring the decrease 
in dissolved O2 concentration in seawater over time, detected by the SensorDish Reader, following the Schoo et 
al.36. 

Three sets of glass sensor vials in triplicate were prepared to measure the copepods’ respiration and grazing 
rates. (1) The first set of vials contained only filtered seawater from each TA level, which served as blanks, to 
detect any microbial respiration. (2) The second set of vials contained only prey in seawater for each TA level. 
This set was used as a control to quantify grazing rate and monitor the O2 production or consumption by prey. (3) 
The third set of vials contained copepods and their prey in the filtered seawater from each TA level. The prey was 
added following the feeding regime outlined in the previous section. The initial density of added prey served as 
the basis for calculating grazing rates. Ten visually healthy and active copepods were carefully transferred from 
the 5L incubation bottles to the first and second sets of vials. The experiment ran for approximately nine hours to 
attain a substantial reduction in O2 concentration. The respiration rate was adjusted by subtracting the O2 
concentration obtained from the first set of vials. Also, it was adjusted with the O2 concentration obtained from 
the third set of vials. 

After the O2 content measurement, all vials containing prey were thoroughly mixed, and subsamples were taken 
to recount the cell numbers. Cell counting was conducted with the CASY particle counter (Schärfe System, 
Reutlingen, Germany). The grazing and ingestion rates were calculated using Frost’s equations43 and normalized 
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to copepods’ biomass (µg carbon) to determine weight-specific feeding rates. The respiration rate was similarly 
normalized to obtain weight-specific values.

2.8 Statistical analysis

A simple linear regression model was used to analyse the relationship between response variables 
(phytoplankton growth, elemental composition, copepod respiration, grazing rate, and photochemical efficiency), 
and TA levels as the continuous predictor. This model aimed to detect significant changes in the response variables 
due to TA levels. Additionally, a piecewise regression model was applied with a fixed breakpoint at ΔTA 500 
μmol L-1, determined through visual inspection of the scatterplot. This divided the data into two distinct linear 
segments, allowing the exploration of how the relationships differ before (from ΔTA 0 to 500 μmol L-1) and after 
(from ΔTA 500 to 1250 μmol L-1) the breakpoint. The significance level for all statistical tests was set at p < 0.05.  
Before fitting the models, normality, and homogeneity of variance were tested with the Shapiro-Wilks and Levene 
tests. Data sets were log-transformed if necessary to meet these assumptions. These tests were conducted using 
the ‘car’ and ‘stats’ packages.  Simple linear regression analysis was performed using the ‘lm’ function, while 
piecewise linear regression was conducted using the ‘segmented’ package in RStudio (version 4.3.1, R core Team 
2023). Data visualization was done using the ‘ggplot2’ package44. 

3.1 OAE impact on seawater chemistry

The targeted changes in seawater carbonate chemistry were achieved. We observed a significant linear 
relationship between pH (R2 = 0.96; p < 0.05) and pCO2 (R2 = 0.97, p < 0.05) with ΔTA. The shift in carbonate 
chemistry speciation increased the pH and decreased the pCO2 with increasing TA (Figure 2B and C).

Figure 2. Influence of increased TA on seawater carbonate chemistry. A and B show the measured TA and pH 
values with increasing ΔTA. C shows the calculated pCO2 values with increasing ΔTA. All the Plots display the 
triplicate data set. The dashed lines represent the linear regression fitted through the triplicate dataset, with red 
lines indicating the statistically significant (p < 0.05) relationship. The grey bands display the 95% confidence 
intervals.

3.2 OAE alters prey availability and nutritional quality

In Experiments II and III, copepods were fed prey cultured at different ΔTA levels. On day one, average cell 
densities ranged from 3.7*104 to 4.9*104 cells ml-1 across all TA levels. By day six, the average cell density at 
ΔTA 0 µmol L-1 had increased to 9.2*105 cells ml-1, whereas at ΔTA 1250 µmol L-1 was nearly half, at 4.8*105 
cells ml-1 (Figure 3A). The density reduction was also documented in the prey growth rate, which showed a 
significant negative simple linear relationship with ΔTA (R2 = 0.82, p < 0.05). However, the piecewise linear 
regression analysis revealed no significant relationship between growth rate and ΔTA in segment 1 (ΔTA ≤ 500 
µmol L-1). In segment 2 (ΔTA ≥ 500 µmol L-1), the relationship remained significant (R2 = 0.77, p < 0.05) (Figure 
B). 
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Figure 3. Impact of OAE on the prey availability for copepod T. longicornis. A shows the growth rate response 
of prey R. salina to elevated ΔTA. The dashed black line in A represents simple linear regression (SLR) fitted to 
the triplicate dataset, while the solid black line indicates the piecewise linear regression (PLR). The first segment, 
PRL 1, covers ΔTA 0 to 500 μmol L-1, and the second segment, PRL 2, spans ΔTA 500 to 1250 μmol L-1. R2 and 
p-values were calculated for each segment, with statistical significance (p < 0.05) highlighted in red. B displays 
the temporal change of R. salina cell density. 

The stoichiometry of prey was also affected by elevated TA. The C:P (R2 = 0.62, p < 0.05) and N:P (R2 = 0.46, 
p < 0.05) ratios decreased with increasing TA. Additionally, piecewise linear regression analysis indicated no 
significant relationship in segment 1; however, in segment 2, both C:P (R2 = 0.76, p < 0.05) and N:P ratios (R2 = 
0.58, p < 0.05) showed significant relationships with increasing TA. Both ratios decreased significantly as TA 
increased (Figure 4E and F). Conversely, no significant relationship was observed in the C:N ratios (R2 = 0.12, p 
> 0.05) with TA (Figure 4D). These changes in prey elemental composition are linked to Carbon (C) and Nitrogen 
(N) concentrations in prey cells, which significantly decreased with increasing TA (Figure 4A and B). 

Page 7 of 16 AUTHOR SUBMITTED MANUSCRIPT - ERL-119556.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



IOP Publishing Journal Title
Journal XX (XXXX) XXXXXX https://doi.org/XXXX/XXXX

xxxx-xxxx/xx/xxxxxx 8 © xxxx IOP Publishing Ltd

Figure 4. Impact of OAE on prey quality for copepod T. longicornis. Each plot illustrates the change in the 
elemental composition of prey R. salina with increasing ΔTA. The dashed line represents the simple linear 
regression (SLR) fitted to the triplicate dataset, while the solid line indicates the piecewise linear regression 
(PLR), divided into two segments. The first segment, PRL 1, covers ΔTA 0 to 500 μmol L-1, and the second segment, 
PRL 2, spans ΔTA 500 to 1250 μmol L-1. R2 and p-values were calculated for each segment, with statistical 
significance (p < 0.05) highlighted in red. The dashed green lines indicate the Redfield ratio (C:N:P = 106:16:1), 
representing the standard for the optimal elemental composition in marine ecosystems.

The Fv/Fm levels remained relatively constant on day one, but significant variations appeared from day two 
onwards, with significant linear relationships on the third (R2 = 0.22, p < 0.5) and fourth (R2 = 0.48, p < 0.5) days 
(Figure 5A and B). Additionally, temporal variations in Fv/Fm were observed, and statistically significant linear 
relationships were noted at ΔTA levels of 750, 1000, and 1250 µmol L-1 (R2 = 0.85, 0.89, 0.69; p > 0.05) (Figure 
S3, D to F). Conversely, at ΔTA 0 and 250 µmol L-1, the Fv/Fm was significantly increased with time (R2 = 0.52, 
0.49; p > 0.05) (Figure S3, A and B). No significant relationship of Fv/Fm was observed at ΔTA 500 µmol L-1 over 
four days of OAE exposure (R2 = 0.08, p > 0.5) (Figure S3, C). 
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Figure 5. Impact of OAE on the prey's photochemical efficiency (Fv/Fm). A and B indicate the Fv/Fm change 
with increasing TA on days 3 and 4. The red dashed lines represent the linear regression fitted through the 
triplicate datasets and specify the statistically significant (p < 0.05) relationships. The grey bands display the 
95% confidence intervals. 

3.3 OAE impact on Copepod’s metabolic rates

A significant simple linear regression (R2 = 0.39, p < 0.05) and significant piecewise linear regression (R2 = 
0.58, p < 0.05) were observed for the respiration rate in segment 1 in Experiment I, where the rate declined with 
increasing TA (Figure 6A). In Experiments II and III, no significant relationship between respiration rate and ΔTA 
was observed (Figure 6B and C).

 Copepod’s grazing rate showed no significant linear relationship with ΔTA in Experiment I, where only the 
direct effect of OAE was present (Figure 6C). Similarly, in Experiment III, no significant relationship was 
observed when both prey quality and availability indirect factors were combined with the direct effect (Figure 
6E). However, grazing rates obtained from Experiment II showed a significant linear relationship with increasing 
TA (R2 = 0.3, p < 0.05) when different qualities of prey were given (Figure 6D), thus suggesting that the copepods 
consume more prey with lower C:P ratios.

Similar trends were observed for ingestion rates in Experiments II and III. A non-significant relationship was 
observed in Experiment I, while a significant simple linear relationship (R2 = 0.25, p < 0.05) was found in 
Experiment II (Figure 6G and H). In contrast to the grazing rate, the ingestion rate in Experiment III exhibited a 
significant simple linear regression (R2 = 0.68, p < 0.05) and significant piecewise linear regression (R2 = 0.53, p 
< 0.05) in segment 2 with ΔTA. The ingestion rate decreased with increasing TA (Figure 6I).

In Experiment I, we observed high copepod mortality in the highest TA treatment (ΔTA 1250 µmolL-1, pH = 
9.2). After four days of incubation, we could not find a sufficient number of live active copepods in the incubation 
bottles at ΔTA 1250 µmolL-1 to conduct the experiments to measure respiration and grazing rate. Thus, the data 
points for both respiration and grazing rates at ΔTA 1250 µmolL-1 are missing (Figures 6A and D). However, we 
did not experience the same during Experiments II, and III, possibly due to the prey’s quality improvement (lower 
C:P ratios) with increasing TA. Although it was an interesting observation, we do not have quantitative data on 
the copepod mortality rates due to limited manpower during the experiments.
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Figure 6. Impact of OAE on the metabolic rates of T. longicornis. A, B, and C display the respiration rate of 
the copepod with elevated TA. D, E, and F represent the copepod’s grazing rate with increased TA. The dashed 
line represents the simple linear regression (SLR) fitted to the triplicate dataset, while the solid line indicates the 
piecewise linear regression (PLR), divided into two segments. The first segment, PRL 1, covers ΔTA 0 to 500 μmol 
L-1, and the second segment, PRL 2, spans ΔTA 500 to 1250 μmol L-1. R2 and p-values were calculated for each 
segment, with statistical significance (p < 0.05) highlighted in red. 

4. Discussion

4.1 Relevant seawater chemistry changes for copepods and their prey 

Studies have reported that increasing TA through OAE has the potential to sequester CO2 by converting it into 
other forms of inorganic carbon, thereby enhancing the ocean’s buffering capacity17,45. In our experiments, the 
carbonate chemistry changed as predicted with increased pH, and decreased pCO2 when we elevated the TA. 
Since the experiments were conducted during the spring, it is not surprising that we recorded remarkably low 
pCO2 (~224 µatm), even in the control treatments. This aligns with prior field studies in coastal waters that reported 
reductions in pCO2 down to ~200 µatm or lower and attributed these values to heightened primary production 
during the spring bloom46,47. After OAE application, pCO2 levels dropped significantly, reaching as low as 15 
(±0.73) µatm in the highest TA treatment. This suggests that applying OAE during a spring bloom considerably 
reduces CO2 availability 48. Such critically low pCO2 levels can directly impact the phytoplankton growth, which, 
in turn, affects zooplankton food availability. Bach et al.15 already specified that if pCO2 drops below ~100 µatm, 
phytoplankton growth can decline based on several previous experimental studies49–51. 
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4.2 OAE directly affects the abundance and nutritional value of copepods’ prey 

We investigated the direct OAE impact on prey, focusing on changes in prey’s availability and nutritional 
quality to understand the indirect OAE impact on copepods. We observed a significant negative effect of increased 
TA on the prey growth rate, attributed to CO2 limitation and pH increase. Since seawater CO2 levels are typically 
below phytoplankton requirements, species employ carbon concentrating mechanisms (CCMs) to elevate internal 
CO2 concentrations in response to limited carbon availability52,53. Therefore, OAE-derived pCO2 reduction during 
the spring bloom might have heightened the pressure on CCM function, potentially triggering the oxygenase 
reaction, which requires more energy and reduces the cell’s growth rate53. Additionally, the OAE-induced high 
pH levels might have increased the cell’s energy costs to maintain pH homeostasis50, reducing R. salina’s 
physiological efficiency. Fv/Fm or the maximum quantum yield of photochemistry values at higher TA levels also 
indicated reduced photosynthetic competence, suggesting that prey cells were under stress.

The OAE influence on R. salina’s photosynthetic and enzymatic activity likely altered the cell’s energy budget, 
reflected in elemental composition changes. While the C:N ratio remained stable with increasing TA, the C:P, and 
N:P ratios were decreased, approaching the Redfield ratio in the two highest ΔTA treatments. Prey with a lower 
C:P ratio is considered more nutritious54. R. salina was cultured in nutrient-rich f/2 media, therefore, the reduction 
in the C:P ratio was caused by reduced carbon availability. However, consistent C:N ratios across the TA levels, 
despite the lower carbon availability, suggest reduced nitrogen solubility at high pH55. 

Previous studies support our findings of lower growth rates in high pH for various phytoplankton and 
microzooplankton species55–57. Taraldsvik and Myklestad56 observed that a diatom species exhibited a lower 
growth rate at pH levels above 9, likely due to compromised cells’ membrane transport and enzymatic activities. 
Pedersen & Hansen57 also reported declining growth rates of three ciliate species at pH 8.8 and 8.9 and a reduced 
growth rate of a dinoflagellate species at pH 9.2. Hansen et al.55 linked a dinoflagellate’s reduced growth rate due 
to high pH of 9.2, while Bach et al.58 suggested CO2 limitation as the main factor. Similar to our findings, 
Taraldsvik and Myklestad56 reported a constant C:N ratio in a diatom species with increased pH ranging from 6.5 
to 9.4, with decreased organic carbon at pH > 9 and organic nitrogen limitations. In contrast, OA studies reported 
increased phytoplankton C-to-nutrient ratios at lower pH levels due to higher CO2 availability, which was linked 
to the poorer nutritional quality of prey36,59 and resulted in reduced zooplankton fitness59,60.

Our study suggests that OAE-induced changes in seawater pH and carbon availability, directly reduced prey 
growth rate and altered prey's nutritional quality, resulting in copepods receiving prey of improved quality in 
reduced quantities. Specifically, we observed a threshold of ΔTA 500 µmol L-1, beyond which prey 
was significantly impacted. This threshold is crucial because it suggests that changes in prey quality and growth 
rates were minimal below this point but became pronounced as ΔTA exceeded 500 µmol L-1. This non-linear 
response implies that the effects of OAE on prey dynamics are not gradual but exhibit a significant shift when the 
alkalinity surpasses this threshold.

4.3 Improved prey quality indirectly mitigates direct OAE impact on copepods

We investigated the potential impact of OAE on copepods, focusing on the direct impact of carbonate chemistry 
changes and the indirect impact through prey availability and quality. In Experiment I, we observed a significant 
reduction in copepod respiration rate and a decreasing trend in grazing rate with elevated TA. These findings 
suggest copepods struggled to maintain regular metabolic activities under higher alkaline conditions, likely due 
to physiological stress. The observed high mortality at the highest TA treatment (ΔTA 1250 µmol L-1 and pH 9.2) 
further supports the idea that extreme alkalinity disrupts copepod homeostasis. 

The observed reduction in respiration rates in Experiment I could be attributed to disruptions of enzymatic 
activities essential for metabolic processes. Copepod respiration involves phases of metabolic demand for 
eliminating CO2 and acquiring O2, the exchange of these two respiratory gasses both internally and externally, 
and the internal transport of gasses between the respiratory surface and the metabolizing protoplasm61. Increased 
pH might disrupt these processes that rely on enzymatic activities, which are often sensitive to pH variations62. 
Altered pH also might have influenced the permeability of the copepod’s respiratory membrane, potentially 
affecting the gas exchange efficiency. Additionally, the copepod’s reduced metabolic rates might be the result of 
physiological stress as copepods likely shifted metabolic demands in attempting to adapt to the alkaline conditions.

In contrast, Experiments II and III demonstrated improved copepod tolerance to elevated TA levels, with no 
significant reductions in respiration rates. This difference highlights the critical role of prey quality in mitigating 
the physiological stress induced by OAE. In these experiments, copepods were provided with prey of higher 
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nutritional quality (lower C:P ratios), which likely helped offset the metabolic challenges posed by changes in 
seawater chemistry. 

The interplay between prey quality and availability also influenced copepod grazing and ingestion rates. The 
grazing rate reflects the proportion of prey removed by the copepods. In Experiment II, grazing rates increased 
significantly with higher TA levels, indicating that copepods consumed more of the high-quality prey to 
compensate for the stress caused by carbonate chemistry changes. This compensatory behaviour aligns with the 
idea that copepods can adjust their feeding activity to cope with environmental stressors when sufficient prey is 
available.

In Experiment III, where prey availability was reduced, grazing rates remained stable, but ingestion rates 
declined significantly with increasing TA. The grazing rate remained constant because copepods maintained their 
feeding frequency despite the reduced prey availability. However, the ingestion rate, which measures the total 
amount of prey consumed by individual copepods declined, as fewer prey encounters resulted from lower prey 
abundance. This suggests that while copepods maintained their grazing behaviour, the total amount of prey 
ingested was limited by prey quantity. The improved quality of prey enabled copepods to sustain their feeding 
frequency and metabolic stability, but the reduced prey availability ultimately constrained their total food intake. 
Thus, although high prey quality can sustain feeding behaviour, prey quantity remains a critical limiting factor for 
copepod energy acquisition under OAE conditions.

The results also underscore the pivotal role of prey quality in maintaining respiration rates at higher TA levels. 
Even in Experiment III, where prey availability was reduced, the high-quality prey prevented significant 
reductions in respiration and grazing rates, suggesting that improved quality prey even in lower quantities can 
mitigate the negative effects of OAE-induced pH changes effectively. These results are supported by earlier 
studies that reported the importance of prey quality over quantity for copepods’ metabolic activities59,60,63–66. 
Overall, this study highlights the complex interactions between prey quality, prey availability, and carbonate 
chemistry changes in shaping copepod metabolic and feeding responses. By demonstrating the compensatory 
effects of high-quality prey, our findings provide insights into the potential resilience of copepods to OAE under 
varying prey conditions.

Previous studies reported the impact of high pH on the survivability and growth of microzooplankton and 
zooplankton communities, but there is, to the best of our knowledge, no available data on the effects of OAE on 
copepod physiology to corroborate our findings. Pedersen and Hansen67 studied the effect of a high pH range, 
starting from 8 to 9.5 on a natural planktonic community consisting of copepods for two weeks, and reported a 
slight copepod abundance increase over time at pH 8, but the abundance was decreased at pH 8.5, which indicated 
mortality at higher pH. Similar to our observation of high mortality in the highest treatment at pH 9.2, Pedersen 
and Hansen67 also observed that copepods did not survive at pH 9 and 9.5 after 5 days of incubation. Camatti et 
al.27 also reported a significant negative impact on the survivability of a copepod species as a response to long-
term exposure (>6 hours) at pH 10 and 11. Camatti et al.27 did not observe any negative effects on copepods at 
pH 9 in shorter exposure times (<6 hours), suggesting that pH 9 may represent a threshold level where copepods 
can tolerate short-term pH fluctuations. 

5. Conclusions

 In conclusion, our study demonstrated a direct impact of OAE-induced pH increases on the respiration rate of 
T. longicornis, though this effect was mitigated when combined with the influence of elevated prey quality. 
Improved prey quality supports the copepod to cope with the physiological stress induced by the carbonate 
chemistry perturbation and reduced prey availability. Any changes in energy expense like respiration rate and 
energy input like grazing rate and ingestion rate can also impact other physiological functions like egg production, 
development, and growth of copped. These make respiration, grazing, and ingestion rates direct indicators of 
overall metabolic activity in copepods. Although we did not observe any significant impact on the copepod’s 
respiration and grazing rate when OAE-induced carbonate chemistry changes, and the prey alteration combined 
(Experiment III), we did observe a significant reduction in the ingestion rate with increasing TA, largely attributed 
to the reduced prey availability. While copepods continued to graze at the same frequency, the reduced prey 
abundance under elevated TA conditions led to fewer encounters with prey, resulting in a lower total prey intake. 
This highlights the critical role of prey quantity in determining ingestion rates, in contrast to grazing rates, which 
remained unaffected by the prey availability changes. While improved prey quality was sufficient to compensate 
for the less prey availability and helped the copepod maintain its respiration rate, the reduced prey availability 
still impacted the ingestion rate. The reduction in ingestion rate further emphasizes the importance of both prey 
quality and prey quantity in regulating copepods’ metabolic processes.
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In the natural environment, the higher nutritional quality prey grown under elevated TA might support the 
overall copepod density. Our study highlights the complex interplay between seawater chemistry, prey dynamics, 
and copepod physiology, emphasizing the need for further research on the overall planktonic community to 
understand the ecological consequences of OAE. The OAE impact on earlier life stages of copepod, specifically 
the nauplius stages, could be more pronounced, as these stages are known to be more sensitive to environmental 
changes25,68,69. Additionally, if the impact of OAE is also species-specific, as observed in OA research, the species 
with higher tolerance to high pH may have a competitive advantage, potentially altering the zooplankton 
community structure. It is crucial to study OAE impacts across copepod species, as metabolic responses could 
vary depending on species-specific acid-base regulation70. Similarly, studies involving diverse phytoplankton 
species are recommended, as different species may exhibit distinct responses to OAE. Moreover, long-term, multi-
generational studies on the entire plankton community are needed to address adaptive responses and the feasibility 
of continuous or repeated OAE applications in the same deployment area.
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