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Abstract 13 

Terrestrial aquaculture of the economically important green seaweed Ulva prolifera offers 14 

potential for stable production but requires optimization due to high operational costs. While 15 

CO2 enrichment can enhance growth, its interaction with temperature is not fully quantified for 16 

the germling cluster cultivation method. The interactive effects of dissolved CO2 concentration 17 

(0.07 to 12 µatm) and temperature (10, 20, and 30 °C) on the net photosynthetic rate (NPR) and 18 

relative growth rate (RGR) of cultivated U. prolifera germling clusters under controlled 19 

laboratory conditions (150 to 200 µmol photons m-2 s-1) were investigated. NPR was measured 20 

via oxygen evolution in short-term incubations, and RGR was determined from wet weight 21 

changes over 6-day batch cultures with daily medium exchange. A generalized additive model 22 

was used in the analysis. RGR peaked under different CO2 concentrations that varied with 23 

temperature, reaching a maximum value of 0.40 at 0.40 µatm for the 10 °C treatment, 0.69 at 24 

1.41 µatm for the 20 °C treatment, and 0.67 at 1.77 µatm for the 30 °C treatment. In contrast, 25 

NPR showed complex responses, generally reaching a plateau above 5 µatm at 10 °C and 20 °C, 26 

but remaining relatively high across all CO2 levels at 30 °C.  The discrepancies observed 27 
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regarding the response of photosynthesis and growth to CO2 concentrations indicates that 28 

factors beyond immediate carbon fixation (e.g., the importance of time-scales) influence overall 29 

biomass accumulation under varying CO2 (i.e., pH) conditions. 30 

Keywords: CO2 enrichment, Temperature, Terrestrial aquaculture, Relative growth rate, 31 

Photosynthesis, Carbon concentrating mechanism 32 

Introduction 33 

Species of the genus Ulva are ecologically significant green macroalgae in coastal ecosystems 34 

and hold increasing economic importance for food, feed, bioremediation, and potential biofuel 35 

applications (Bolton et al. 2016; Bruhn et al. 2011). However, their ability to form large-scale 36 

green tides also necessitates research into management and use (Liu et al. 2013; Ye et al. 2011). 37 

Among these, Ulva prolifera O.F. Müller, a filamentous species typically inhabiting brackish 38 

estuaries (Hiraoka & Higa 2016), is traditionally consumed in East Asia and has a history of 39 

cultivation [e.g., in Yoshino River estuary, Tokushima, Japan (Watanabe et al. 1999; Shimada 40 

2012).] Nevertheless, the stability of seaweed production globally, including that of U. 41 

prolifera, is threatened by the impacts of climate change, especially rising water temperatures 42 

and changes to the estuarine environment (e.g., Harley et al. 2012; Gao et al. 2015). Climate 43 

change related impacts can be expected to lead to declines in production yield (e.g., Hiraoka et 44 

al. 1999; Sato et al. 2021). 45 

To ensure stable production amidst environmental variability, terrestrial aquaculture systems 46 

offer greater control over cultivation conditions (Mantri et al. 2021; Lawton et al. 2021). A key 47 

development for U. prolifera is the germling cluster method, which utilizes aggregated asexual 48 

germlings, thereby circumventing the risk of maturation and reproduction that is often induced 49 

by factors like elevated temperature and enabling continuous vegetative cultivation (Hiraoka & 50 

Oka 2008; Dan et al. 1998; Sato et al. 2021). Despite these advantages, the significant financial 51 

investment required for terrestrial infrastructure and operation makes maximizing biomass yield 52 

per unit area a critical factor for economic feasibility (Milledge & Harvey, 2016; Sato 2024). 53 

Consequently, identifying and optimizing the environmental parameters that govern growth 54 

rates is imperative. 55 

Optimizing production requires understanding the physiological response Ulva prolifera to key 56 

environmental factors. While adapted to fluctuating estuarine conditions and capable of 57 
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surviving temperatures down to 5 °C as well as wide salinity ranges (Xiao et al. 2016), its 58 

growth and photosynthetic rates are maximized within narrower windows. Optimal 59 

temperatures of U. prolifera are often reported around 20 °C for growth and 14 to 27 °C for 60 

photosynthesis (Xiao et al. 2016; Cui et al. 2015). Similarly, while tolerant of varying 61 

irradiance, light saturation levels differ for growth (> 67 µmol photons m-2 s-1; Hiraoka et al. 62 

2020) and photosynthesis (126 to 683 µmol photons m-2 s-1; Xiao et al. 2016) and may be 63 

reflecting differences in the strains examined, experimental artefacts, and the different time 64 

scales involved. Importantly, temperature, high light intensity, and low salinity can induce 65 

maturation, which can be undesirable in a production setting (Dan et al. 1998; Jiang et al. 2024; 66 

Lin et al. 2011). Hence the difficulty in achieving a stable environment that can prevent 67 

maturation in aquaculture systems where temperature and light fluctuate. Therefore, it is 68 

desirable to develop methodology for controlled environments or alternative methods to 69 

enhance yield. 70 

Carbon dioxide enrichment is one potential strategy to enhance macroalgal productivity, 71 

particularly in controlled land-based systems where atmospheric exchange may be limited or 72 

where boosting growth beyond ambient CO2 levels is possible (Gao et al. 1991; Zou 2005; 73 

Figueroa et al. 2021). Previous studies have demonstrated that elevated CO2 can boost 74 

physiological performance and growth of U. prolifera (Xu & Gao 2012; Sun et al. 2021; Wang 75 

et al. 2021); however, given that temperature strongly influences the photosynthetic and growth 76 

rates of this species (Xiao et al. 2016), understanding the interactive effects of CO2 supply and 77 

temperature is crucial for developing effective cultivation protocols. The optimal CO2 78 

concentration for maximizing growth may vary depending on the cultivation temperature, yet 79 

this interaction has not been sufficiently quantified for U. prolifera germling clusters used in 80 

aquaculture. Therefore, we hypothesized that the CO2 concentration yielding maximum relative 81 

growth rate (RGR) for U. prolifera germling clusters depends on water temperature. We aimed 82 

to determine the interactive effects of dissolved CO2 concentration (ambient to 12 µatm) and 83 

temperature (10, 20, and 30 °C) on the net photosynthetic rate (NPR) and relative growth rate 84 

(RGR) of U. prolifera germling clusters, to identify optimal conditions for enhancing 85 

productivity in terrestrial aquaculture. 86 
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Materials and Methods 87 

Ulva prolifera germling cluster production and maintenance 88 

The U. prolifera strain used in this study, originally collected from the Takeshima River, 89 

Shimanto City, Kochi Prefecture, Japan, is an asexual variant selected for high temperature 90 

tolerance suitable for terrestrial aquaculture (Sato et al. 2021). Stock cultures were maintained 91 

via successive cultivation at the Yuriage Factory of Riken Food Co., Ltd., Natori city, Miyagi 92 

Prefecture, Japan. Germling clusters were produced following Hiraoka and Oka (2008) by 93 

aggregating germlings released after asexual reproduction. For experiments conducted at 94 

Nagasaki University, we shipped clusters (approximately 1 cm in diameter) in 1 L bottles with 95 

sterilized seawater maintained at about 10 °C. Upon arrival, clusters were acclimated and pre-96 

cultured at the Institute for East China Sea Research, Nagasaki University, Nagasaki, Japan 97 

(ECSER). 98 

For the NPR experiment we pre-cultured the germling clusters.  Germling clusters were 99 

transferred to a 34.7 L container with 15 L of sterilized artificial seawater (SF-1, Osaka 100 

Yakuken, Osaka, Japan) enriched with 15 mL of nutrient stock (NORISEED-1L, Daiichi, 101 

Kumamoto, Japan). Temperature was maintained at 20 °C using a chiller (ZC-200α, ZENSUI, 102 

Osaka, Japan) in a water bath. Cultures were incubated for 2 days under a 12h:12h light:dark 103 

cycle at 150 µmol photons m-2 s-1 (LED: L200V2-D-HMW-50K, NICHIDO, Osaka, Japan) 104 

with aeration with ambient air, until the germling clusters reached approximately 1 g wet weight 105 

(gww). Cultures were maintained under continuous low light (< 20 µmol photons m-2 s-1) 106 

overnight before experiments. 107 

For the RGR experiment, the pre-culturing and experiments were conducted at the Yuriage 108 

Factory using germling clusters maintained as described above. 109 

CO₂ enriched culture medium preparation 110 

For the NPR and RGR experiments, CO2 enriched media were prepared shortly before use. 111 

Sterilized seawater (artificial seawater for NPR experiments, filtered natural seawater for RGR 112 

experiments) was poured into a 500 mL flask and vigorously aerated with pure CO2 gas (100%) 113 

for about 10 seconds using an air tube and air stone. This stock solution was then diluted with 114 

non-aerated sterilized seawater to achieve target CO2 concentrations. Dissolved CO2 115 
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concentration was measured using a portable meter (CGP-31, DKK-TOA, Tokyo, Japan), and 116 

pH (NBS scale) was measured using a pH meter (NPR: WQ-320, HORIBA, Kyoto, Japan; 117 

RGR: D-52S, HORIBA, Kyoto, Japan) before and after experimental incubations or during 118 

daily media changes. Target CO2 concentration ranges are specified below for each experiment 119 

since it was extremely difficult to consistently create exact concentrations of the CO2 media. 120 

Response of NPR to CO2 and temperature 121 

NPR was measured using 1 gww germling clusters that were pre-cultured as described above. 122 

Single clusters were secured with a net inside 100 mL BOD bottles filled with prepared medium 123 

at one of three target temperatures (10, 20, and 30 °C) and one of eight target CO2 concentration 124 

ranges (Table 1). Five replicate bottles were used per CO2 level at each temperature. The mean 125 

CO2 concentration measured before and after the incubation was used as the representative 126 

value for statistical analysis. The CO2 concentrations were converted from values provided by 127 

the CGP-31 meter to µatm (Table 1) using the x2pCO2 function of the R package seacarb 128 

(Weiss 1974; Dickson et al. 2007; Gattuso et al. 2024).  129 

Bottles were placed in a temperature-controlled glass water bath illuminated from above at 200 130 

µmol photons m-2 s-1 (LED: L200V2-D-HMW-50K, NICHIDO). Light intensity was measured 131 

using a planar quantum sensor (LI-192 connected to LI-1400, LI-COR, Lincoln, NE, USA). 132 

Clusters were acclimated in the bottles for 16 minutes. Dissolved oxygen (DO) concentration 133 

was measured every 2 minutes after acclimation for 24 minutes using a BOD sensor connected 134 

to a meter (ProSolo with 626660 sensor, Xylem, Kanagawa, Japan). Water was continuously 135 

stirred using the integrated stirrer of the BOD sensor. The net used to secure the cluster 136 

prevented any movement of the cluster and damage that could have occurred due to the impeller 137 

of the stirrer. 138 

NPR was calculated from the linear rate of DO increase over the measurement period. The slope 139 

(𝑏1, mg O₂ L⁻¹ min⁻¹) was determined by linear regression (Eq. 1).  140 

 𝑦 = 𝑏0 + 𝑏1𝜏 (1) 

Where, 𝑏0 is the intercept and 𝜏 is time in minutes. NPR was calculated with Eq. 2. 141 

 𝑁𝑃𝑅 = 𝑏1𝑉𝑊  (2) 
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Where, 𝑉 is the volume of the BOD bottle and 𝑊 is the wet-weight of the germling cluster. The 142 

units of NPR are in µg O2 gww
-1 min-1. 143 

Response of RGR to CO2 and temperature 144 

RGR experiments were conducted at the Yuriage Factory using filtered natural seawater 145 

(salinity 28 to 34 psu, measured prior to each experiment) enriched with 1/2 strength PES 146 

medium. Clusters (initial weight of about 1 gww) were incubated individually in 1 L flasks 147 

containing 1,100 mL of medium with target CO2 concentrations. Eight target CO2 148 

concentrations were used for the 10 °C and  30 °C experiments, whereas nine target 149 

concentrations were used for the 20 °C experiment (Table 2). The mean CO2 concentration 150 

measured across daily media changes over a 5 to 6 day period was used as the representative 151 

value. The CO2 concentrations were converted from values provided by the CGP-31 meter to 152 

µatm using the x2pCO2 function of the R package seacarb (Weiss 1974; Dickson et al. 2007; 153 

Gattuso et al. 2024) and for this experiment assuming a mean salinity of 31 psu and an 154 

atmospheric pressure of 101.35 kPa. 155 

Flasks were incubated at 10, 20, or 30 °C inside incubators (CN–40A, MITSUBISHI, Tokyo, 156 

Japan) under a 12h:12h light:dark cycle at 150 µmol photons m-2 s-1 (Light source: 3LH–64, 157 

Nippon Medical & Chemical Instruments, Osaka, Japan). Flasks were continuously stirred with 158 

magnetic stirrers (BIG Squid White, IKA, Osaka, Japan). The medium was completely replaced 159 

daily, at which time CO2 and pH were measured. Wet weight was measured after blotting dry 160 

with a paper towel every other day following Sato et al. (2021). 161 

 𝑅𝐺𝑅 = ln 𝑊𝜏 − ln (𝑊0)𝜏  (1) 

Where, 𝑊𝜏 is the wet weight in grams after 𝜏 = 5 or 6 days and W₀ is the initial wet weight at 162 

day 0. 163 

Statistical analysis 164 

All statistical analyses were performed using R version 4.4.2 (R Core Team 2024). The effects 165 

of CO2 concentration and pH on NPR and RGR, nested within temperature treatments, were 166 

analyzed using hierarchical generalized additive models (GAMs) following recommendations of 167 
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Pedersen et al. (2019). Each model included a global smoother (P-spline) across all 168 

temperatures and temperature-specific smoothers (P-spline interacting with temperature factor). 169 

Basis functions were chosen based on expected complexity (e.g., 10 basis functions for all 170 

smoothers of NPR, 7 basis functions for all smoothers of RGR). A Gamma error distribution 171 

with a log-link function was assumed for both NPR and RGR. 172 

Models were fitted using a Bayesian approach via Hamiltonian Markov Chain Monte Carlo 173 

(MCMC) with the brms package (Bürkner 2017, 2018). Default weakly informative priors (t-174 

distributions) were used for model coefficients and smoothing parameters. Model comparison 175 

between a null model (global smoother only) and the full hierarchical model (global and 176 

temperature-specific smoothers) was performed using leave-one-out cross-validation (LOO-CV) 177 

via the loo package (Vehtari et al. 2017) to confirm the significance of temperature-specific 178 

effects. Posterior distributions were visually inspected for convergence. Model predictions and 179 

95% highest density credible intervals (HDCI) were extracted from the posterior distributions. 180 

Results 181 

Response of NPR to CO2 concentration and pH fraction 182 

The NPR of U. prolifera germling clusters varied depending on both temperature and CO2 183 

concentration and pH; the model that included temperature specific effects better predicted the 184 

observations when compared to a global model averaged over the temperatures (Fig. 1). The 185 

difference in the leave-one-out cross validation of the NPR vs. CO2 analysis was -154 ± 9.9 186 

(expected value ± 1 standard error) in favor of the more complex model. When the covariate 187 

was pH the values was -150.2 ± 10.2 and favored the more complex model. Overall NPR was 188 

substantially lower at 10 °C compared to 20 °C and 30 °C, where rates were comparable. The 189 

mean and one standard deviation of the NPR averaged over CO2 concentration at 10 °C was 190 

0.65 ± 0.25 (n = 38), 1.87 ± 0.33 (n = 39) at 20 °C, and 1.94 ± 0.30 (n = 40) at 30 °C. The 191 

model expectations exhibited different patterns across temperatures and the variability in NPR 192 

increased with increasing NPR. Based on expectations, the predicted NPR was highest at 0.69 193 

µatm with a value of 0.84 (0.77 to 0.90) mg O2 gww
-1 min-1 (expected value and the 95% HDCI) 194 

in the 10 °C treatment (Fig. 1A). In the 20 °C and 30 °C treatments, the response did not appear 195 

curvilinear (Fig. 1B and C) and the highest NPR occurred at the model origin. For the 20 °C 196 

treatment the NPR was highest at 0.07 µatm and was 2.10 (1.92 to 2.29) mg O2 gww
-1 min-1 (Fig. 197 
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1B). In the 30 °C treatment, NPR was highest at 0.07 µatm with a value of 1.98 (1.83 to 2.13) 198 

mg O2 gww
-1 min-1; however, NPR remained relatively high across the range of CO2 examined 199 

(Fig. 1C).  200 

When analyzed against pH, the predicted NPR response generally increased then decreased 201 

across a gradient of pH at 10 °C and 20 °C, however the response was relatively flat at the 202 

30 °C treatment (Fig. 1). The maximum values of the expectations occurred at a pH of 7.49 203 

(Fig. 1C), 7.78 (Fig. 1D), and 7.37 (Fig. 1E) for the 10 °C, 20 °C, and 30 °C treatments, 204 

respectively. The NPR at these values were 0.910 (0.76 to 1.06) mg O2 gww
-1 min-1, 2.17 (1.94 to 205 

2.40) mg O2 gww
-1 min-1, and 2.03 (1.85 to 2.22) mg O2 gww

-1 min-1 at temperatures of 10 °C, 206 

20 °C, and 30 °C, respectively. 207 

Response of RGR to CO2 concentration and pH 208 

The response of RGR to CO2 concentration and pH were similar to that of NPR, however in 209 

general the 95% highest density credible intervals of the expectations were much wider (Fig. 2). 210 

Therefore, the differences in the leave-one-out cross validation between a global model and a 211 

model that fitted individual curves to each temperature treatment were relatively small in 212 

magnitude. For example, these values were -15.8 ± 4.2 for the model evaluating the response 213 

of RGR to CO2 concentration and -13.7 ± 363 when the covariate was pH; all results indicated 214 

that the more complex model better predicted the observations. Unlike NPR, the RGR was 215 

highest at the 20 °C treatment, which was 0.57 ± 0.16 (n = 9). The RGR at the 10 °C treatment 216 

was 0.24 ± 0.13 (n = 8) and at the 30 °C treatment was 0.50 ± 0.16 (n = 8). 217 

The response of the expectations of the model with the CO2 covariate was similar across 218 

temperature treatments, with RGR increasing with increasing CO2 concentrations then declining 219 

over a broad range above a threshold concentration that differed with temperature treatment. 220 

The maximum expected value of RGR for the 10 °C treatment occurred at 0.53 µatm and was 221 

0.41 (0.26 to 0.57) day-1 (Fig. 2A). The maximum expected value for the 20 °C treatment was 222 

observed at 1.39 µatm and was 0.69 (0.53 to 0.85) day-1 (Fig. 2B) and for the 30 °C treatment, 223 

the maximum value was observed at 2.46 µatm and was 0.65 (0.48 to 0.82) day-1 (Fig. 2C). 224 

The response of RGR with respect to pH was similar to CO2. The curves were all dome-shaped, 225 

with peaks occurring between pH of 6.4 to 7.9. For the 10 °C temperature treatment, maximum 226 

values of expected RGR occurred at a pH of 7.9 and was 0.49 (0.05 to 1.18) day-1 (Fig. 2D). At 227 
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the 20 °C temperature treatment, the peak occurred at a pH of 6.6 and the maximum expected 228 

value was 0.67 (0.53 to 0.83) day-1 (Fig. 2E). At the highest temperature treatment of 30 °C, the 229 

peak occurred at a pH of 6.4 and the maximum expected value of RGR was 0.65 (0.48 to 0.82) 230 

day-1 (Fig. 2F). 231 

Discussion 232 

We show that interactive effects between dissolved CO2 concentration and temperature on both 233 

the net photosynthesis and relative growth rate of cultivated Ulva prolifera germling clusters. 234 

The first key finding is that the optimal CO2 concentration required to maximize RGR is 235 

temperature-dependent, increasing from about 0.53 µatm at 10 °C to 1.39 µatm at 20 °C and 236 

2.46 µatm at 30 °C. The second key finding is that the response of the relative growth rates and 237 

net photosynthesis rates of the germling clusters were dissimilar (Fig. 1 and Fig. 2). In the case 238 

of RGR a unimodal response was clearly detected, however the response of NPR was linear in 239 

nature; nevertheless, peak expected values of NPR were detected at 0.19 µatm at 10 °C 240 

decreasing to 0.02 µatm and 0.06 µatm at 20 °C and 30 °C, respectively. Another important 241 

finding of this study was that the responses of RGR and NPR with respect to the covariate used 242 

in the GAM were also dissimilar, where responses appeared unimodal and monotonic.  243 

We suggest several hypotheses to explain the divergence between conditions optimizing short-244 

term NPR and long-term RGR. While NPR tended to peak around pH 7.5 to 7.8 (Fig. 1), which 245 

coincides with the maximum calculated bicarbonate (HCO3
-) availability, RGR optima occurred 246 

at different, often lower, pH values depending on temperature (Fig. 2). This discrepancy 247 

highlights that maximizing instantaneous carbon fixation does not necessarily translate directly 248 

to maximizing growth over longer periods. Several factors likely contributed to this 249 

discrepancy. RGR integrates metabolic activity over the full 24-hour cycle, including dark 250 

respiration, which may respond differently than photosynthesis to changes in pH and DIC 251 

speciation. Secondly, U. prolifera is believed to possess carbon concentrating mechanisms 252 

(CCMs), and therefore, the germling clusters may have boosted carbon fixation, at the cost of 253 

consuming more energy (Raven et al. 2000; Hopkinson et al. 2011). Diverting energy to 254 

operating a CCM might have diverted resources from growth, hence potentially becoming less 255 

efficient. Thirdly, compared to the short-term experiments to assess NPR, the RGR experiments 256 

may have allowed the germling clusters to acclimate to the environmental conditions leading to 257 

physiological adjustments in enzyme activity, membrane transport, and carbon allocation that 258 
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are not captured in short-term assessments of NPR (Fernández et al. 2014). Finally, while 259 

elevated CO2 enhances carbon supply, growth can be affected by nutrient concentrations; 260 

perhaps the pH dependence of the efficiency of nutrient uptake is another factor that should be 261 

explored in future experiments (Young et al. 2016). In this study, RGR was a more integrated 262 

measure of performance and is more relevant for predicting biomass yield in cultivation. 263 

The observed peak in NPR around pH 7.5-7.8 (Fig. 2), where HCO3
- dominates DIC speciation, 264 

is consistent with the known ability of Ulva species to efficiently utilize bicarbonate via active 265 

CCMs (Giordano et al. 2005; Raven et al. 2014). U. prolifera possesses pyrenoids (Cui et al. 266 

2018) and exhibits evidence of C4-like metabolism and active HCO3
- uptake, likely involving 267 

carbonic anhydrases (CAs) and specific transporters (Xu et al. 2012; Liu et al. 2020; Young et 268 

al. 2021; Zhang et al. 2024). It is relevant to note that the efficiency of these mechanisms can be 269 

influenced by the diffusive boundary layer and external pH, since boundary layer effects reduce 270 

mass flux into the germling cluster (Cornwall et al. 2017). Indeed, for the strain that was studied 271 

here, NPR and RGR was highest when the molar fraction of HCO3
- was highest. Which 272 

provides additional support to past studies (e.g., Xu et al. 2012; Liu et al. 2020; Young et al. 273 

2021; Zhang et al 2024) that hypothesize that U. prolifera possess a CCM. While optimal 274 

HCO3
- availability appears beneficial for short-term photosynthesis, the decline in RGR at very 275 

high CO2 concentrations (and correspondingly low pH, Fig. 1 and 2) suggests potential negative 276 

impacts. These could include direct pH stress affecting membrane integrity or enzyme function, 277 

increased energetic costs of maintaining intracellular pH homeostasis, or potential down-278 

regulation of CCM components when external CO2 is saturating (Hepburn et al. 2011). This 279 

study was not designed to elucidate CCM mechanisms and pH stress; clearly more work is 280 

needed to elucidate the details suggested here and we expect that such insight will further 281 

enhance the production of this species. 282 

Temperature is a fundamental factor that modulates physiological responses. The higher overall 283 

RGR at 20 °C and 30 °C compared to 10 °C supports previous findings for U. prolifera (Xiao et 284 

al. 2016; Cui et al. 2015). The shift in the optimal CO2 concentration for RGR towards higher 285 

levels at higher temperatures likely reflects increased metabolic demand for carbon driven by 286 

temperature-dependent enzyme kinetics (including Rubisco) and overall higher metabolic rates 287 

(Duke et al. 1989; Terada et al. 2016). The maintenance of relatively high NPR at 30 °C across 288 

various CO2 concentrations (Fig. 1C) was somewhat higher than expected from some previous 289 

studies on wild populations (e.g., Xiao et al. 2016) and might reflect the physiological 290 

characteristics of the specific cultivated strain (Sato et al. 2021) that was used in this study or a 291 
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protective effect of high DIC supply mitigating photorespiration or thermal stress under the 292 

experimental conditions (Ehleringer et al. 1997). 293 

The response of the expected values of NPR was not uniform across temperature treatments. At 294 

20 °C, NPR was weakly dependent on CO2 concentration, whereas at 30 °C NPR the 295 

dependence on CO2 was not clear in the model results. This may be because of the increasing 296 

pH (i.e., increasing alkalinity) and its effect on NPR. As mentioned above, pH stress affects the 297 

integrity of cellular membranes and may influence the function of enzymes associated in 298 

photosynthesis and for high temperatures we hypothesize that these effects were magnified. 299 

Regardless of these potential stresses, NPR remained high throughout a wide range of pH (and 300 

CO2 concentrations) at the 20 °C and 30 °C temperature treatments. 301 

Our findings confirm previous reports that CO2 enrichment enhances U. prolifera growth (Xu & 302 

Gao 2012; Sun et al. 2021; Wang et al. 2021). However, the observed RGR values observed 303 

here (peaking at 0.24 to 0.57 day-1) were substantially higher than some reports (e.g., Wang et 304 

al. 2021 reported 0.25 to 0.29 day-1). As suggested above, this difference may be due to 305 

laboratory conditions, the strain used in this study (Sato et al. 2021), and perhaps the germling 306 

cluster method, which was developed to optimize production yield (Hiraoka & Oka 2008). 307 

Nevertheless, growth rates in Ulva are known to be highly variable depending on strain and 308 

conditions and more research is needed to make precise and accurate conclusions on how RGR 309 

is influenced by environmental conditions (Lawton et al. 2013; Fort et al. 2019). 310 

Crucially, this study provides temperature-specific CO2 optima for RGR. For land-based 311 

cultivation aiming to maximize biomass yield using this strain, enriching CO2 to achieve 312 

dissolved concentrations around 1.39 µatm (pH 6.6) at 20 °C, or 2.76 µatm (pH 6.4) at 30 °C, 313 

appears highly beneficial. Based on the GAM predictions, these optimal conditions resulted in 314 

RGRs approximately 1.5 times higher than control (ambient CO2) conditions, regardless of 315 

temperature. However, exceeding these optima leads to diminishing returns and eventual growth 316 

inhibition, highlighting the need for careful control. Implementing such enrichment requires 317 

systems to monitor the CO2 concentration and/or pH as well as assessing the costs associated 318 

with implementation (Milledge & Harvey 2016; O'Brien et al. 2022). We emphasize that CO2 319 

enrichment is not a general strategy for yield enhancement; optimal levels must be adjusted 320 

based on the water temperature, as well as cultivar strain and likely other environmental factors. 321 

This study was conducted under controlled laboratory conditions using a single, albeit 322 

commercially relevant, strain of U. prolifera. Responses may differ in outdoor systems with 323 
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fluctuating light and nutrient availability, or for other strains. The carbonate system was not 324 

fully characterized (e.g., Total Alkalinity was not measured), relying on calculated HCO₃⁻ 325 

fractions based on measured pH, temperature, and salinity. Future work could benefit from 326 

measuring additional carbonate parameters for a more precise understanding of DIC speciation. 327 

Furthermore, the mechanisms underlying the NPR vs. RGR discrepancy warrant further 328 

investigation, potentially involving measurements of respiration, nutrient uptake kinetics, and 329 

enzyme activities under different long-term CO2/pH regimes. 330 

In conclusion, the optimal dissolved CO2 concentration for maximizing the relative growth rate 331 

of Ulva prolifera germling clusters is appears to be dependent on water temperature, increasing 332 

from about 0.53 µatm at 10 °C to 2.46 µatm at 30 °C under the tested conditions. Achieving 333 

these temperature-specific optima is likely to enhance biomass production compared to ambient 334 

CO2 levels. These findings provide quantitative data for optimizing CO2 enrichment protocols in 335 

terrestrial aquaculture of U. prolifera, and should be able to contribute to the development of 336 

more efficient and economically viable seaweed cultivation systems. The study also serves as a 337 

reminder that the physiological response of macroalgae is complex and simply optimizing short-338 

term photosynthesis does not always equate to optimizing long-term growth, emphasizing the 339 

need for integrated assessments when developing cultivation strategies. 340 
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Table 1 The eight target CO2 concentrations measured with the CGP-31 meter (mg L-1) and 533 

converted to µatm using the seacarb package in R. The initial and final CO2 concentrations and 534 

pH were determined before and after the photosynthesis experiments. Values are the mean (one 535 

standard deviation) of 15 samples. There are only a total of 14 samples when CO2 is 5.24 mg L-1 536 

(0.42 µatm) and pH is 7.41).  537 

CO2 (mg L-1) CO2 (µatm) pH ( - ) 

Initial Final Initial Final Initial Final 

1.03 (0.14) 0.78 (0.07) 0.08 (0.01) 0.06 (0.01) 7.92 (0.06) 8.15 (0.06) 

5.24 (1.38) 3.29 (1.66) 0.42 (0.11) 0.27 (0.14) 7.41 (0.11) 7.60 (0.20) 

16.83 (1.67) 9.95 (1.97) 1.36 (0.14) 0.80 (0.17) 6.93 (0.09) 7.16 (0.11) 

25.00 (2.54) 15.53 (1.84) 2.01 (0.20) 1.25 (0.15) 6.81 (0.03) 6.98 (0.04) 

35.67 (3.52) 24.43 (5.81) 2.87 (0.32) 1.97 (0.49) 6.69 (0.09) 6.79 (0.09) 

46.67 (1.76) 32.13 (4.19) 3.75 (0.09) 2.59 (0.35) 6.64 (0.09) 6.70 (0.07) 

87.00 (9.96) 65.27 (7.29) 7.00 (0.81) 5.25 (0.63) 6.34 (0.02) 6.41 (0.05) 

131.67 (3.42) 103.73 (6.56) 10.59 (0.20) 8.35 (0.60) 6.16 (0.01) 6.27 (0.16) 

 538 
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Table 2 The target CO2 concentrations measured with the CGP-31 meter (mg L-1) and 540 

converted to µatm using the seacarb package in R. Values indicate the mean (one standard 541 

deviation) CO2 concentration and pH prior to start of the relative growth experiments. The 542 

conversion was done at 31 psu and 101.35 kPa. The samples (N) used to estimate CO2 ranged 543 

from five to seven. 544 

 545 

Temperature (°C) CO2 (mg L-1) CO2 (µatm) pH ( - ) N 

10 0.5 (0.2) 0.04 (0.01) 8.62 (0.27) 5 

10 4.4 (2.4) 0.36 (0.19) 7.17 (0.13) 7 

10 13.6 (1.7) 1.12 (0.14) 6.75 (0.09) 7 

10 23.6 (2.7) 1.94 (0.22) 6.55 (0.13) 7 

10 36.3 (4.2) 2.99 (0.34) 6.33 (0.14) 7 

10 56.5 (8.7) 4.65 (0.72) 6.18 (0.19) 5 

10 96.1 (7.4) 7.92 (0.61) 5.87 (0.04) 5 

10 143.1 (4.4) 11.78 (0.36) 5.74 (0.07) 5 

20 2.1 (0.6) 0.17 (0.05) 8.28 (0.13) 6 

20 8.3 (2.2) 0.67 (0.18) 6.93 (0.13) 7 

20 16.4 (2.1) 1.33 (0.17) 6.65 (0.08) 7 

20 22.6 (8.5) 1.84 (0.69) 6.77 (0.20) 6 

20 24.5 (2.3) 2.00 (0.18) 6.49 (0.10) 7 

20 37.1 (4.0) 3.02 (0.32) 6.35 (0.07) 7 

20 64.5 (24.9) 5.25 (2.03) 6.35 (0.19) 6 

20 100.3 (31.4) 8.17 (2.56) 6.09 (0.13) 6 

20 142.4 (41.0) 11.60 (3.34) 5.94 (0.12) 6 

30 0.3 (0.2) 0.03 (0.01) 8.31 (0.05) 5 

30 4.4 (2.1) 0.35 (0.17) 7.33 (0.23) 7 

30 16.5 (2.7) 1.32 (0.22) 6.73 (0.09) 7 

30 27.3 (1.5) 2.18 (0.12) 6.57 (0.11) 7 

30 38.4 (0.9) 3.07 (0.08) 6.43 (0.06) 7 

30 52.0 (5.8) 4.15 (0.46) 6.20 (0.08) 5 

30 100.6 (8.5) 8.04 (0.68) 5.94 (0.08) 5 

30 140.2 (7.8) 11.20 (0.62) 5.81 (0.10) 5 

 546 
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Fig. 1 The response of net photosynthesis rates varies with respect to three levels of water 549 

temperature and a gradient of CO2 concentrations and the associated pH.  The symbols indicate 550 

the observations, the line indicates the expected value of the model, and the shaded region 551 

indicates the 95% credible interval of the expected values. 552 

Fig. 2 The response of relative growth rate varies with respect to three levels of water 553 

temperature and a gradient of CO2 concentrations and the associated pH.  The symbols indicate 554 

the observations, the line indicates the expected value of the model, and the shaded region 555 

indicates the 95% credible interval of the expected values.  556 
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Figure 2 560 

 561 

 562 


	Abstract
	Introduction
	Materials and Methods
	Ulva prolifera germling cluster production and maintenance
	CO₂ enriched culture medium preparation
	Response of NPR to CO2 and temperature
	Response of RGR to CO2 and temperature
	Statistical analysis

	Results
	Response of NPR to CO2 concentration and pH fraction
	Response of RGR to CO2 concentration and pH

	Discussion
	References
	Funding Declaration

