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1. ABSTRACT 22 

The response of photosynthetic organisms to rising CO2 levels is a key topic in ocean 23 

acidification research. Most of the work in this field has focused on physiological 24 

responses in laboratory conditions which lack ecological realism. Studies using seeps as 25 

natural analogues for ocean acidification have demonstrated shifts in algal community 26 

composition, but the effect of CO2 on carbon fixation and export remains unclear. Here, 27 

we deployed artificial substrata in a warm-temperate region of Japan to collect algal 28 

communities using a CO2 seep off Shikine Island. Diatoms became dominant on 29 

settlement substrata in areas with elevated CO2 levels, whereas macroalgae dominated at 30 

present-day levels of CO2 (reference site). This was supported by pigment composition; 31 

fucoxanthin content, characteristic of diatoms, was higher at the high CO2 site, while 32 

more Chlorophyll b, which is characteristic of Chlorophyta, was found in the reference 33 

site. Algal communities that recruited in water with high levels of CO2 had elevated rates 34 

of photosynthesis. Algal biomass was similar on all settlement panels, regardless of CO2 35 

concentration. Much of the carbon that was fixed by algae in the high CO2 conditions was 36 

exported, likely due to detachment from the substratum. Diatoms that dominated under 37 

high CO2 conditions are more easily transported away as they have no holdfast, whereas 38 

newly settled macroalgae became firmly attached at present-day levels of CO2. These 39 

results show that ocean acidification may fundamentally alter coastal carbon cycling, 40 

increasing photosynthesis and carbon export from coastal ecosystems in warm-temperate 41 

biogeographic regions due to a shift in community composition from perennial to 42 

ephemeral algae. 43 

 44 
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2. Introduction 46 

Benthic algae are the major primary producers in shallow coastal regions (Charpy-47 

Roubaud and Sournia, 1990), and they have a number of other important ecological roles 48 

such as a source of energy, carbon storage and habitat provisioning (Smale et al., 2013; 49 

Costanza et al., 2014). Recent work has shown that rising carbon dioxide levels influence 50 

these functions (Hall-Spencer and Harvey, 2019). Uptake of anthropogenic CO2 is causing 51 

surface ocean seawater pH to fall by around 0.002 units per year with a 100% increase in 52 

the concentration of H+ ions projected for the end of this century (IPCC, 2013). Ocean 53 

acidification is a serious threat to coastal ecosystems because it reduces the saturation 54 

state of carbonate which can make seawater corrosive to calcifying organisms such as 55 

hard corals and shellfish (Doney et al., 2020). 56 

As well as reducing the availability of calcium carbonate, ocean acidification 57 

increases the amount of dissolved inorganic carbon (DIC) and this can stimulate the 58 

growth of certain photosynthetic organisms (Hendriks et al., 2010; Olischläger and 59 

Wiencke, 2013), if sufficient nutrients are available (Celis-Plá et al., 2015). Many algae 60 

benefit from increased seawater CO2 concentrations in laboratory tests (Gao et al., 1991; 61 

Kubler et al., 1999; Liu et al., 2018) although the response is species-specific because 62 

some algae have carbon concentrating mechanisms (CCM) adapted to present day low 63 

CO2 conditions (Badger et al., 1998; Cornwall et al., 2017). 64 

To assess changes to coastal carbon cycling, we need to consider both the 65 

physiological responses of algae to ocean acidification, and the changes in community 66 

composition. In areas where CO2 is released from volcanic seeps the gas dissolves into 67 

seawater providing a natural analogue for the effects of ocean acidification (Hall-Spencer 68 

et al., 2008) which include profound changes to benthic microalgal (Johnson et al., 2013) 69 



and macroalgal communities at both individual and population levels (Porzio et al., 2011, 70 

2018, 2020). At a recently characterised natural analogue site in Japan, calcifying algae 71 

and large habitat-forming macroalgae get replaced by turf algae at elevated CO2 levels 72 

(Agostini et al., 2015, 2018; Harvey et al., 2019). This has been observed at many other 73 

shallow-water CO2 seeps worldwide, although at some seeps seagrasses grow well (Hall-74 

Spencer et al., 2008; Connell et al., 2018). In the present study, we assess how a CO2 75 

gradient at a Japanese seep affects algal community composition, photosynthesis and 76 

biomass production.  77 

Measurements of photosynthesis at CO2 seeps allow us to better constrain 78 

projections of the response of primary producers to ocean acidification. In addition, 79 

comparison of photosynthesis and biomass production furthers our understanding of 80 

carbon storage by coastal ecosystems. Previous studies taking this approach have assessed 81 

specific algal taxa (Hofmann et al., 2015; Vogel et al., 2015; Connell et al., 2018), but the 82 

effects of ocean acidification on benthic algal community photosynthesis had not 83 

previously been investigated. To tackle this, we used settlement panels which are widely 84 

used to easily collect natural benthic communities (Perkol-Finkel et al., 2006; Sokołowski 85 

et al., 2017). This technique has been used to assess shifts in benthic community 86 

composition along CO2 gradients in the Mediterranean (Lidbury et al., 2012; Johnson et 87 

al., 2013; Kroeker et al., 2013b). Moreover, settlement panels also allow the investigation 88 

of the abundance, diversity and production of those communities of organisms that recruit 89 

on to them. 90 

In the present study, we investigated high CO2 and present-day conditions off 91 

Shikine Island, Japan. After 44 and 72 days we collected algal communities that had 92 

recruited in situ, recorded differences in community composition, incubated them in light 93 



conditions to measure net photosynthesis, and then analysed the photosynthetic pigments 94 

present. Our aim was to assess how high CO2 conditions affect coastal carbon fixation 95 

and storage.  96 



3. Materials and methods 97 

3.1.  Study sites 98 

We deployed algal settlement panels in and away from a CO2 seep that is well 99 

characterised as an analogue for ocean acidification (Agostini et al., 2015, 2018). It is 100 

located off Mikawa Bay, Shikine Island (139.2°N, 34.3°E) in Japan (Fig. 1). Two sites 101 

were used, an acidified area near to the CO2 seep (the ‘high CO2 site’) and a nearby area 102 

(the ‘reference site’) in an adjacent bay of the island. The high CO2 site provided an end-103 

of-the-century projection for reductions in pH (IPCC, 2013), and was not confounded by 104 

differences in temperature, salinity, dissolved oxygen, total alkalinity, nutrients or depth 105 

relative to the reference site (Agostini et al., 2015, 2018; Harvey et al., 2019). Agostini et 106 

al. (2018) and Harvey et al. (2018) present the environmental and carbonate chemistry 107 

data collected during the present study. Briefly, seawater pH in total scale (pHT) and other 108 

environmental parameters were monitored using a combination of sensors (interval of 109 

measurement was 15 or 30 min, recorded from 25th May to July 5th 2016) and discrete 110 

water sampling for total alkalinity. For reference and high CO2 sites, pHT was 8.137 ± 111 

0.056 and 7.809 ± 0.093 respectively, the salinity was 34.5 ± 0.43 and 34.1 ± 0.69, the 112 

temperature was 19.7 ± 0.71 and 19.5 ± 0.82 °C, the total alkalinity was 2270 ± 15.4 and 113 

2270 ± 20.3 μmol kg-1 and the calculated pCO2 levels were 309 ± 46.4 and 769 ± 225 114 

μatm (mean ± SD).  115 



 

Figure 1. Study area off the Izu peninsula and archipelago off mainland Japan (a), 

Shikine Island (b) and the locations for the reference and high CO2 site used for 

the deployment of settlement panels (c), land shown in green. 

 116 

 117 

3.2. Deployment of settlement panels 118 

Settlement panels were held at -5 m depth Chart Datum within the high CO2 and 119 

reference sites. The panels were made of transparent PVC measuring 5×2×0.2 cm. A total 120 

of 76 panels were attached to floats anchored 1 m above the seafloor and haphazardly 121 

spread over a surface of ca. 400 m2 in each site. In April 2016, we put four and five floats 122 

150 m

High CO2

Reference

(a) (b)

(c)



in the high CO2 and reference sites, respectively, corresponding to 34 panels in the high 123 

CO2 and 42 panels in the reference sites. Subsets of the panels were retrieved in June after 124 

44 days and July (after 72 days). The algae on the panels were examined using a light 125 

microscope.  126 

 127 

3.3.  Pigment analysis 128 

After 44 and 72 days of deployment, 19 and 5 panels from the high CO2, and 18 and 129 

12 panels from the reference site were retrieved (at random) for pigment analysis. Each 130 

settlement panel was photographed and analysed with imaging software (Adobe, 131 

Photoshop) to measure the area size of the panels, and then stored at -80°C for pigment 132 

analysis. The surface of each panel was scraped clean and the settled organisms were put 133 

into 8 ml N’N-dimethylformamide to extract photosynthetic pigments. Canthaxanthin 134 

was added to the extracts as an internal standard, and this was then filtered through a 135 

polytetrafluorethylene (PTFE) filter with pore size of 0.45 μm (GE Healthcare Life 136 

Science, WhatmanTM syringe filter, 13 mm diameter). Aliquot of extracts was injected 137 

into an isocratic high-performance liquid chromatograph (Agilent, 1100 system 138 

controlled by ChemStation) equipped with a C8 column (Agilent, Zorbax Eclipse XDB-139 

C8; 4.6 × 150 mm, 3.5 μm) and diode-array and fluorescent detectors. The peak of each 140 

pigment was identified by comparison of their retention time relative to eight standards; 141 

fucoxanthin, prasinoxanthin, 19’-hexanoloxyfucoxanthin, diadinoxanthin, alloxanthin, 142 

zeaxanthin, Chlorophyll b and Chlorophyll a (Chl a), as described in more detail in Hama 143 

et al. (2016). 144 

 145 

3.4. Net photosynthesis 146 



After 44 and 72 days of deployment, 6 and 4 panels from the high CO2, and 6 and 6 147 

panels from the reference site were retrieved (at random) for the measurement of net 148 

photosynthesis (NP). Incubation was carried out using a 250 ml acid-cleaned 149 

polycarbonate bottle, with a subset of each panel (0.8 ×2.5 cm) being used. Each bottle 150 

was filled with seawater collected from the site where the panels were retrieved, and 151 

incubated under light (150 μmol photon s-1 cm-2) at 20°C for 1 hr to measure rates of NP. 152 

Dissolved oxygen (DO) concentrations and pH in NBS scale (pHNBS) were measured at 153 

the start and end of the incubation period with an optode DO meter (WTW, FD0925) and 154 

a multi-sensor (ThermoFisher Scientific, Orion StarTM, equipped with a ROSS pH 155 

electrode, 8156BNUWP). Based on the change in DO concentrations (ΔDO) values, we 156 

calculated the NP rates (normalised by unit area) using the following equations: 157 

 158 

NParea (NP per unit area: μg O2 cm-2 hour -1) = ΔDO × V / A / T × 1000  159 

where V, A and T are volume of seawater for incubation (l), area of the plate (cm2), 160 

and incubation time (hour), respectively (Roth et al., 2019). 161 

 162 

Following the incubation, each settlement panel was photographed and analysed 163 

with imaging software (Adobe, Photoshop) to measure the exact panel area size. All 164 

incubations were completed within 6 hrs of collecting the panels.  165 

 166 

3.5. Statistical analysis 167 

The amount of Chl a and the rates of NParea were analysed using a two-way linear 168 

mixed model (LMM) (R package: nlme, function: lme; v3.1-147: Pinheiro et al., 2020) 169 

with ‘Site’ and ‘Days’ as fixed factors. Since several panels were attached to each float, 170 



‘float’ was treated as a random factor. Homogeneity of variance (Levene Test) and 171 

normality (QQ plot) were assessed for Chl a and NParea. Both Chl a (following log 172 

transformation) and NParea conformed to these assumptions. Weighted principal 173 

component analysis (R package: aroma light, functions: wpca: Bengtsson et al., 2010), 174 

followed by PERMANOVA (R package: vegan, function: adonis; v2.5-6: Oksanen et al., 175 

2019), were used to assess for differences in the composition of accessory pigments 176 

between ‘Site’ and ‘Days’. Weighting for the principal component analysis was used to 177 

improve the robustness to uneven group sample sizes, with weighting applied to each 178 

sample individually as 1 / n, where n is the sample size of the respective treatment groups 179 

(combinations of ‘Site’ and ‘Days’). In the present study, all statistical analyses were 180 

performed using the R statistical software, version 3.5.1 (R Core Team, 2018), and 181 

visualisations were produced using ggplot 2 (Wickham, 2016) and ggpubr (Kassambara, 182 

2020).  183 



4. Results 184 

Visual inspection of the panels revealed biofilm formation and algal recruitment on 185 

all panels across both sites and time points. At the high CO2 site, the panel were covered 186 

with a homogenous brown biofilm at both time points (Fig. 2a,b). Panels at the reference 187 

site were covered with a more diverse range of algal recruits (Fig. 2c,d). After 72 days, 188 

the panels were more overgrown relative to 44 days, with juvenile macroalgal 189 

Chlorophyta dominating panels at the reference site whereas the diatoms Triceratium sp. 190 

and Biddulphia sp. were dominant on settlement panels at the high CO2 site (Fig. 2e-g). 191 

 

Figure 2. Panels retrieved from high CO2 (a and b on day 44 and 72) and reference 

sites (c and d on day 44 and 72). Macroalgae dominated on settlement panels at 

the reference site (e), diatoms dominated at the acidified site; Triceratium sp. (f) 

and Biddulphia sp. (g). 

Chl a was the main pigment and accounted for 31-68% of the total weight of 192 

(a) (b)

(c) (d)

(e)

(f)

(g)

1 mm

80 μm

80 μm



pigments per sample. The amount of Chl a per unit area of the plates deployed in the high 193 

CO2 and reference sites was 0.284 ± 0.048 μg cm-2 and 0.285 ± 0.022 and on day 44, and 194 

increased to 1.86 ± 0.27 μg cm-2 and 2.03 ± 0.13 and on day 72, respectively (Fig. 3). 195 

While Chl a value significantly increased from day 44 to 72 (LMM, ‘Days’: F1,5 = 93.49, 196 

p < 0.001), there was no significant difference between the two sites (LMM, ‘Site’ x 197 

‘Days’, F1,5 = 4.68, p = 0.083) (Table S1). Fucoxanthin was the second most abundant 198 

pigment, and the ratios of Fuc/Chl a on the panels from high CO2 site were 1.01 ± 0.082 199 

(n = 18) and 0.488 ± 0.041 (n = 5) on day 44 and 72, respectively. These values were 200 

relatively higher than those from reference site (0.724 ± 0.036 (n = 16) and 0.485 ± 0.070 201 

(n = 12) on day 44 and 72, respectively). 202 

 

Figure 3. Mean Chlorophyll a per unit area of the panels (μg cm-2) of panels at 

Reference (white) and High CO2 (grey) sites after 44 and 72 days. Error bars show 

standard error (n = 18, 18, 12, 5). The statistical significance (linear mixed model 

on log-transformed data) of the main effects (Day and Site) and their interaction 

is shown. 

 

The overall composition of the pigments differed between both the ‘Site’ 203 

(PERMANOVA: F1, 47 = 27.44, p < 0.001) and ‘Days’ (PERMANOVA: F1, 47 = 13.22, p 204 



< 0.001), but did not show a significant interaction (PERMANOVA: F1, 47 = 1.92, p = 205 

0.16) (Table S2). Principal component analysis showed that the two sites (high CO2 and 206 

reference) were mostly separated along PC1 (accounting for 28.8% of total variance; Fig. 207 

S1) with values in a negative and positive direction distinguishing the high CO2 and 208 

reference sites, respectively (Fig. 4). The pigment fucoxanthin showed a loading of -0.55 209 

on the PC1 and therefore had a moderate contribution towards explaining the high CO2 210 

site (Table 1). Chl b showed a positive loading of 0.70 and therefore had a moderate 211 

contribution towards explaining the reference site (Table 1). The proportion of 212 

fucoxanthin among accessory pigments were generally higher at the high CO2 site 213 

compared to the reference site, whereas the proportion of chlorophyll b was higher in the 214 

reference site, and below detection limit at day 44 in the High CO2 site (Table 1). The two 215 

‘Days’ (44 and 72) were mostly separated along PC2 (accounting for 20.1% of total 216 

variance; Fig. S1) with values in a negative and positive direction distinguishing the 217 

earlier (day 44) and latter (day 72) sampling points, respectively (Fig. 4). Prasinoxanthin, 218 

diadinoxanthin, and 19’-hexanoloxyfucoxanthin had a moderate contribution (-0.70, -219 

0.53 and -0.31, respectively) towards explaining the earlier and latter sampling points 220 

(Table 1). Of these pigments, diadinoxanthin represented between 9-19% of the total 221 

accessories pigments, although the other two pigments (Prasinoxanthin and 19’- 222 

hexanoloxyfucoxanthin) represented less than 5% (Table 1). The two other pigments, 223 

Alloxanthin and Zeaxanthin were minor components, contributing less than 4.2% each to 224 

the total accessory pigments (Table 1). 225 



 

 

Figure 4. Weighted principal component analysis biplot of accessory pigments across 

site (High CO2, filled circles, Reference - empty circles) and time points (44 days - 

left, and 72 days - right). The same PCA is used for both panels, but time points were 

separated for ease of visualisation, with the loading of each pigment indicated by 

vectors. The accessory pigments are fucoxanthin (Fuc), prasinoxanthin (Pra), 19’-

hexanoloxyfucoxanthin (Hex), diadinoxanthin (Dia), alloxanthin (All), zeaxanthin 

(Zea) and chlorophyll b (Chl b). 

 

 226 

Table 1. PCA loadings of the different pigments (across both sites and time 

points), and their percentage weights (mean ± se (n)) for each site and time point. 

   Percentage Weight 

 
PCA 

loading 
44 days after 72 days after 

Pigment PC1 PC2 Reference High CO2 Reference High CO2 

Alloxanthin 0.36 0.21 
1.8 ± 0.5 

(16) 

0.2 ± 0.2 

 (18) 

1.2 ± 0.2  

(12) 

2.1 ± 0.1  

(5) 

Chlorophyll b 0.70 0.14 
7.1 ± 2  

(16) 

0 ± 0 

 (18) 

7.8 ± 1.1 

 (12) 

2.9 ± 1.2  

(5) 

Diadinoxanthin 0.02 -0.53 
12.4 ± 0.3 

 (16) 

14.9 ± 0.3  

(18) 

11.7 ± 0.4 

 (12) 

12.4 ± 0.6 

 (5) 



Fucoxanthin -0.55 0.06 
72.8 ± 2.4 

 (16) 

84 ± 0.4  

(18) 

72.9 ± 1 

 (12) 

79.3 ± 1.4 

 (5) 

19’-

Hexanoloxyfucoxanthin 
0.02 -0.31 

0.8 ± 0.6  

(16) 

0 ± 0 

 (18) 

5 ± 0.6 

 (12) 

3.1 ± 0.3 

 (5) 

Prasinoxanthin 0.12 -0.70 
0.9 ± 0.5  

(16) 

0.9 ± 0.4  

(18) 

0.3 ± 0.3 

 (12) 

0 ± 0 

 (5) 

Zeaxanthin 0.24 -0.23 
4.2 ± 0.7  

(16) 

0 ± 0  

(18) 

1.1 ± 0.3 

 (12) 

0.2 ± 0.2  

(5) 
 

 227 

The pHNBS values of the seawater collected from the high CO2 and reference sites 228 

(at 20°C) were 7.92 ± 0.003 and 8.20 ± 0.006 on day 44, and 7.70 ± 0.009 and 8.16 ± 229 

0.007 (mean ± SD) on day 72, respectively. The changes in pHNBS (ΔpHNBS) under light 230 

incubation for the sample from high CO2 and reference sites were 0.068 ± 0.007 and 0.043 231 

± 0.008 on day 44, and 0.046 ± 0.020 and 0.052 ± 0.006 (mean ± SD) on day 72, 232 

respectively, reflecting CO2 consumption by photosynthesis. Since the changes in the 233 

pHNBS during the incubations were within narrow ranges (from 0.023 to 0.081), 234 

differences in pHNBS between the seawater collected from the high CO2 and reference 235 

sites were maintained throughout the experiment. The concentrations of DO at the start 236 

of light incubations were 8.73 - 9.48 mg l-1, and changes in the incubation period were 237 

0.18 - 0.93 mg l-1. 238 

Net photosynthesis rates (NParea) of the panels from the high CO2 site were 16.5 ± 239 

1.3 (mean ± SE, n = 6) and 31.7 ± 1.8 (mean ± SE, n = 4) μg O2 cm-2 hour -1 on day 44 240 

and 72, and from the reference site were 6.94 ± 0.71, (mean ± SE, n = 6) and 21.8 ± 2.6, 241 

(mean ± SE, n = 6) μg O2 cm-2 hour-1 on day 44 and 72, respectively (Fig. 4). Overall, 242 

this meant that NParea of the settlement panels was significantly greater on Day 72 243 



compared to Day 44 (LMM: ‘Day’, F1,5 = 34.29, p < 0.01), and also higher at the high 244 

CO2 site relative to the reference site (LMM: ‘Site’, F1,5 = 10.41, p < 0.05) (Fig. 5, Table 245 

S3). 246 

 

Figure 5. Net photosynthic rates during laboratory incubation of panels from 

Reference (white bars) and High CO2 (grey bars) sites and time points (44 and 72 

days) in seawater sampled at the same site. Error bars show standard error (n = 

6, 6, 6, 4, respectively). The statistical significance (linear mixed model) of the main 

effects (Day and Site) and their interaction is shown. 

  247 



5. Discussion 248 

Studies of carbon dioxide seeps worldwide have shown that increasing levels of 249 

ocean acidification cause major shifts in coastal algal community composition (Hall-250 

Spencer and Harvey, 2019). Here we show that algal settlement is affected by increasing 251 

levels of CO2. Macroalgal recruits dominated settlement panels at a reference site, being 252 

well attached by holdfasts, whereas less firmly attached diatoms dominated on panels at 253 

a high CO2 site (Fig. 2). The differences in algal communities were confirmed through 254 

photosynthetic pigment analysis. The amount of fucoxanthins was higher in the algal 255 

communities at high CO2, these pigments are common in heterokont algae such as 256 

diatoms and brown algae (Dring, 1998; Kuczynska et al., 2015). 257 

Microscopy showed that diatoms, rather than brown algae, dominated the early 258 

stages of settlement at high CO2, and this was confirmed by our pigment analyses after 259 

44 and 72 days of settlement on panels. The pigment composition of brown algae and 260 

benthic diatom mats reported in previous studies show that the ratio of Fuc/Chl a in most 261 

brown algae (mean values among 30 species: 0.372; Colombo‐Pallotta et al., 2006; 262 

Desmond et al., 2019; Marambio et al., 2017; Seely et al., 1972; Verma et al., 2017) were 263 

lower than those of natural diatom mats (mean values among 4 reports: 1.168; Sundback 264 

et al. 1996; Wulff et al. 2005; 2008; Stief et al. 2013) (Table S4). Considering the higher 265 

ratio of Fuc/Chl a on the panels from the high CO2 site, this confirms that benthic diatoms 266 

were dominant at the high CO2 site. In contrast, there was significantly more Chl b in the 267 

algal community that settled onto the Reference site panels (Table 1), and this is the main 268 

accessory pigment of Chlorophyta (Dring, 1998). Studies worldwide show that benthic 269 

diatoms seem to be capable of benefitting from ocean acidification/high CO2 conditions 270 

(Johnson et al., 2013; Marques da Silva et al., 2017; Harvey et al., 2019). Deployment of 271 



settlement panels at this site showed that diatom recruitment was more intense in the high 272 

CO2 site than in reference conditions.  273 

Our study sites off Shikine island were very exposed to wave action and are in the 274 

path of a strong ocean current (Kuroshio current), so it is worth comparing our results 275 

with those from experiments set up in more sheltered conditions. Recruitment of algae 276 

using artificial substrata have been assessed at CO2 seeps off the islands of Vulcano and 277 

Ischia in Italy which are both less exposed to strong water movement than Shikine Island. 278 

Off Vulcano, Johnson et al. (2013) also found higher diatom abundance at high CO2 on 279 

settlement substrata suspended in the water column, but did not report on export of the 280 

biomass grown in these conditions. Off Ischia island CO2 seeps, volcanic stone tiles were 281 

attached to the seafloor to monitor algal succession for 2-14 months (Kroeker et al. 2012; 282 

Porzio et al. 2013). Contrary to the present study, only a minimal biomass of diatoms was 283 

reported at high CO2. As the panels in the present study were suspended off the seafloor, 284 

benthic herbivores, such as gastropods, did not have access to the floats to graze. Since 285 

grazing pressure is an important driving force in the community composition of benthic 286 

flora (Hillebrand et al. 2000), the deployment position of the artificial substrata 287 

(suspended or attached) could lead to differences in successional processes. In addition 288 

to the environmental condition and experimental set-up, the duration of the experimental 289 

deployment represents another important factor determining algal community succession. 290 

Our experiment examined the phase of early succession, so there is scope in future studies 291 

to investigate the effects of ocean acidification on the long-term development of 292 

biofouling communities as it takes many months for these communities to mature 293 

(Kroeker et al., 2013b; Brown et al., 2018). 294 

Net photosynthetic rates were significantly higher on the high CO2 panels than on 295 



the Reference panels (Fig. 5, Table S3), showing an increase in carbon fixation under 296 

ocean acidification. In the present day, CO2 concentrations in surface seawater are 297 

generally less than 15 μmol kg-1 (Zeebe and Wolf-Gladrow, 2009) which can limit 298 

photosynthetic rates, through substrate limitation (Badger et al., 1998). Previous 299 

laboratory and aquarium-based studies have shown that increased CO2 can enhance 300 

photosynthesis in some algae (Gao et al., 1991; Kubler et al., 1999; Liu et al., 2018). 301 

However, a number of recent studies have found that increased CO2 can have no or even 302 

negative effects on photosynthesis in several algal species (Peach et al. 2017; Porzio et al. 303 

2020), highlighting that responses to ocean acidification are species-specific. These 304 

interspecific differences lead to shifts in community composition under high CO2 305 

conditions, which complicates the up-scaling of laboratory studies to ecosystem-level 306 

change. In the present study, we demonstrate that in situ photosynthesis of an algal 307 

community increased with ocean acidification, which is directly relevant for future 308 

projections of primary production and carbon storage. 309 

Although algal community productivity was enhanced in high-CO2 conditions, the 310 

Chl a content on these settlement panels was similar to those in reference site conditions 311 

(Fig. 3) showing that algal biomass did not increase despite enhanced photosynthesis. 312 

This mismatch between photosynthesis and biomass suggests that a large part of the fixed 313 

carbon was subsequently being lost in the high-CO2 conditions due to the detachment of 314 

algae and export of carbon from the substratum. In the reference site, macroalgae were 315 

held in place by holdfasts which strongly attached the thalli to hard surfaces and helped 316 

them resist drag forces due to waves and currents. Diatoms, which were dominant on the 317 

panels in the high CO2 site, have no holdfast and are only attached by sticky mucus 318 

materials exuded extracellularly (Hoagland et al., 1993). At our seep site, benthic diatoms 319 



were so abundant that they formed turf-like mats in areas with high CO2 (Fig. S2a and 320 

Agostini et al., 2018; Harvey et al., 2019). Detached aggregations of these turf diatoms at 321 

the high CO2 site occur during the spring-summer season, where they can be seen drifting 322 

in clumps across the seabed (Fig. S2b,c). The drifting algal aggregates are typically a 323 

mixture of diatom and drift macroalgae, with the diatom species identified on the panels 324 

(Triceratium sp. and Biddulphia sp.) found in large numbers within the aggregates (Fig. 325 

S2d,e). 326 

Our findings support other research showing that ocean acidification changes coastal 327 

algal communities, and we provide novel data showing its effects on coastal carbon 328 

fixation and export. Although algae will continue to provide a huge amount of energy for 329 

coastal ecosystems through high rates of photosynthesis (Mann, 1973; Graham et al., 330 

2016), our data show a shift from resilient, long-lived, diverse algal stands that store large 331 

amounts of carbon, to less resilient, short-lived and less diverse stands that have increased 332 

rates of carbon fixation but greater rates of carbon export. Such changes in algal 333 

communities reduce habitat complexity and algal biomass in rocky shore habitats.  334 

Unless humanity is able to minimize and address the impacts of ocean acidification we 335 

can expect that it will cause major disruption to coastal ecosystems with knock-on effects 336 

on nearshore food webs, fisheries and carbon cycle. 337 
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Supporting Information 

 

Figure S1. Scree plot for the weighted principal component analysis. Loadings of 

each component were shown in descending order. The ordinate and abscissa are 

percent value of variance and number of dimensions, respectively. 
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Figure S2. Photo’s of a diatom mat found on rocks in a high CO2 site (a), algae 

drifting near the high CO2 site (b and c: zoomed out and in, respectively), and 

diatoms identified in the clumps (d and e: mainly Biddulphia sp. and Triceratium 

sp., respectively). 
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Table S1. ANOVA results of the linear mixed model for log transformed 

chlorophyll a. Degrees of freedom (df), F-values (F) and significance probability 

(Pr) were shown for main effects (‘Site’ and ‘Days’) and interaction. 

 df F Pr(>F) 

(Intercept) 1, 44 16.74 0.0002 

Site 1, 5 4.68 0.0829 

Days 1, 5 93.49 0.0002 

Site:Days 1, 5 0.00 0.9997 

 

 

  



Table S2. PERMANOVA table of the pigment composition (Bray Curtis distance). 

(999 permutations). Degrees of freedom (df), sum of squares (SumOfSqs), mean 

sum of squares (MeanSqs), F-statistic (F.Model), coefficients of determination (R2) 

and significance probabilities (Pr) were shown. 

 df SumOfSqs MeanSqs F.Model R2 Pr(>F) 

Days 1 0.076 0.076 13.217 0.148 0.001 

Site 1 0.158 0.158 27.438 0.306 0.001 

Days:Site 1 0.011 0.011 1.920 0.021 0.165 

Residuals 47 0.270 0.006 NA 0.525 NA 

Total 50 0.515 NA NA 1.000 NA 

 

 

  



Table S3. ANOVA results of a linear mixed model for the net photosynthesis. 

Degrees of freedom (df), F-values (F) and significance probability (Pr) were shown 

for main effects (‘Site’ and ‘Days’) and interaction. 

 df F Pr(>F) 

(Intercept) 1, 13 225.17 0.0000 

Site 1, 5 10.41 0.0233 

Days 1, 5 34.29 0.0021 

Site:Days 1, 5 0.00 0.9482 

 

 

  



Table S4. Fucoxanthin to Chlorophyll a ratios. In case that the several values for 

each specimen were provided in each study cited (Ref), the minimum, maximum 

and mean values (Min, Max and Mean) are shown. If single value was reported, 

the data was provided in the column of Mean. 

Specimen Min Max Mean Ref 

Himanthalia elongata   0.044 Seely (1972) 

Undaria pinnatifida   0.077 Seely (1972) 

Laminaria ochroleuca   0.099 Seely (1972) 

Laminaria saccharina   0.452 Seely (1972) 

Sargassum muticum   0.464 Seely (1972) 

Fucus distichus   0.407 Seely (1972) 

Macrocystis pyrifera 0.520 0.770 0.645 
Colombo-Pallotta 

et al (2006) 

Macrocystis pyrifera 0.221 0.671 0.483 
Marambio et al 

(2017) 

Dictyopteris australis   0.064 Verna et al (2017) 

Dictyota dicotoma   0.070 Verna et al (2017) 

Labophora variegata   0.103 Verna et al (2017) 

Padina tetrastromatica   0.121 Verna et al (2017) 

Padina gymnospora   0.126 Verna et al (2017) 

Spatoglossum asperum   0.141 Verna et al (2017) 



Stoechospermum 

marginatum 
  0.070 Verna et al (2017) 

Iyengaria stellata   0.158 Verna et al (2017) 

Sargassum linearifolium   0.156 Verna et al (2017) 

Carpomitra costata   0.010 
Desmond et al 

(2019) 

Carpophyllum flexuosum 0.010 0.480 0.245 
Desmond et al 

(2019) 

Cystophora platylobium   0.710 
Desmond et al 

(2019) 

Desmarestia ligulata 0.010 0.120 0.065 
Desmond et al 

(2019) 

Dictyota kunthii 0.350 0.510 0.420 
Desmond et al 

(2019) 

Ecklonia radiata 0.120 0.570 0.345 
Desmond et al 

(2019) 

Halopteris sp.   0.010 
Desmond et al 

(2019) 

Landsburgia quercifolia 0.640 0.890 0.777 
Desmond et al 

(2019) 

Macrocystis pyrifera 0.010 0.380 0.255 
Desmond et al 

(2019) 

Marginariella boryana 0.440 0.660 0.523 
Desmond et al 

(2019) 

Marginariella urvilliana 0.010 0.940 0.480 
Desmond et al 

(2019) 

Sargassum sinclairii   0.560 
Desmond et al 

(2019) 

Spatoglossum chapmanii 0.520 0.560 0.540 
Desmond et al 

(2019) 



Xiphophora gladiata 0.460 0.500 0.480 
Desmond et al 

(2019) 

Durvillaea antarctica 1.465 5.233 2.817 
Mendez et al 

(2019) 

Mean of Brown algae   0.372  

     

Diatom mat 0.567 0.956 0.657 
Wulff et al 

(2008） 

Diatom mat   1.655 Stief et al (2013 

Diatom mat 0.509 1.768 1.000 Wulff et al (2005) 

Diatom mat 0.950 1.770 1.360 
Sundback et al 

(1996) 

Mean of Diatom mat   1.168  

 

 

 


