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Ecosystem feedback to ocean acidification in a cohesive photosynthetic sediment 2 

Ecosystem feedbacks in response to ocean acidification can amplify or diminish the diel pH 11 

oscillations that characterize productive coastal waters. We report that benthic microalgae 12 

generate such oscillations in the porewater of cohesive sediment and ask how carbonation 13 

(acidification) of the overlying seawater alters these in the absence and presence of biogenic 14 

calcite. To do so, we placed a 1-mm layer of ground oyster shells (Treatment) or sand 15 

(Control) onto intact sediment cores free of large dwelling fauna, and then gradually 16 

increased the pCO2 in the seawater above half of the Treatment and Control cores from 472 17 

to 1216 μatm (pH 8.0 to 7.6, CO2:HCO3
- from 4.8 to 9.6 x 10-4). Vertical porewater [O2] and 18 

[H+] microprofiles measured 16 d later showed that this carbonation had decreased O2 19 

penetration in all cores, indicating a metabolic response. In carbonated seawater: (1) 20 

sediment biogeochemical processes added and removed more H+ to and from the porewater 21 

in darkness and light, respectively, than in ambient seawater increasing the amplitude of the 22 

dark–light porewater [H+] oscillations, and (2) the dissolution of calcite decreased the 23 

porewater [H+] below that in overlying seawater, reversing the dark sediment–seawater H+ 24 

flux and decreasing the amplitude of diel [H+] oscillations. This dissolution did not, however, 25 

counter the negative effect of carbonation on sediment O2 penetration. We hypothesise that 26 

the latter effect and the observed enhanced acidification of the sediment porewater were 27 

caused by an ecosystem feedback: a CO2-induced increase in the microbial reoxidation of 28 

reduced solutes with O2. 29 

  30 
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Introduction 31 

Dissolution of anthropogenic CO2 in the ocean alters the speciation of dissolved inorganic 32 

carbon (DIC), increasing seawater [H+] while decreasing its carbonate saturation state (W) and 33 

buffering capacity—the latter property being described by the Revelle factor (Revelle and 34 

Suess 1957, Frankignoulle 1994, Egleston et al. 2010). A reduction in this buffering capacity 35 

implies that repeated addition of a fixed quantity of CO2 results in progressively larger 36 

increases in [H+]. Repeated removal of a fixed quantity of CO2 decreasing seawater [H+] and 37 

increasing buffering capacity results in progressively smaller decreases in [H+]. In other 38 

words, the future ocean will be more sensitive to CO2 dynamics than is presently the case 39 

and we expect the current trends of increasing average seawater [H+] (Bates et al., 2014; 40 

Lauvset et al., 2015; Ríos et al., 2015) to be accompanied by an increase in the peak-to-peak 41 

amplitude of diel and seasonal variations in seawater [H+] (see, e.g., Schulz and Riebesell 42 

2012). If we now consider the possibility that biota conditioned to current diel and seasonal 43 

variations may respond to changes in the magnitude of these variations, independent of 44 

changes in the mean seawater carbonate chemistry, then knowledge of the effects of ocean 45 

acidification on these variations becomes important. 46 

In productive coastal environments, metabolic (e.g., photosynthesis and respiration) and 47 

geochemical (e.g., precipitation and dissolution) processes cause diel and seasonal variations 48 

in the local seawater chemistry that are similar or larger than the variation in ocean 49 

chemistry predicted for the 21st century (Provoost et al. 2010, Hoffman et al. 2011)—their 50 

magnitude being a function of the local solute transport regime (Jury et al. 2013). Feedback 51 

from these processes in response to ocean acidification can enhance or diminish trends in 52 

both the mean seawater carbonate chemistry and the diel and seasonal chemistry variations, 53 

but this depends on the mechanisms involved and their intensity. Some evidence for this 54 

exists for ecosystems in which solute exchange with the open ocean is limited (Borges and 55 

Gypens 2010, Jury et al. 2013, Hagens et al. 2015). 56 

Eutrophication is one example where local conditions can amplify the positive effect of ocean 57 

acidification on variations in seawater [H+] by increasing primary production, which in turn 58 

tends to increase respiration (Borges and Gypens 2010, Cai et al. 2011, Sunda and Cai 2012). 59 

Modelling diel seawater chemistry variations in a coastal, reef flat ecosystem, Jury et al. 60 

(2013) reported that the extent to which an increase in offshore pCO2 (ocean acidification, to 61 
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900 μatm) and warming (+3 °C) increased these variations depended on the kind and 62 

intensity of ecosystem feedback mechanisms involved and the seawater residence time. As 63 

seawater residence time and feedback intensity increased, daytime seawater chemistry 64 

became more similar to present-day conditions while night-time seawater chemistry became 65 

less similar to present-day conditions. In this case, feedbacks increased the diel [H+] 66 

variations by a factor of up to 2.5. In other systems, limitations in vertical solute exchange 67 

serve to enhance ecosystem feedbacks: Hagens et al. (2015), for example, found differences 68 

in the magnitude of seasonal [H+] fluctuations between the surface and bottom layer of a 69 

seasonally stratified coastal lake and attributed these differences to a substantial reduction in 70 

the acid–base buffering capacity of the hypoxic (CO2 enriched) bottom water in the summer 71 

period.  72 

Here, we examine this concept to the seawater boundary of cohesive photosynthetic 73 

sediment, which hosts a network of microbial reaction processes that operates at much 74 

smaller spatial scales. Solute transport in the millimetre-thick reactive layer that separates 75 

the free-flowing seawater from the deeper anoxic sediment is limited by molecular diffusion 76 

and therefore, the microbial processes in this layer create steep, measurable gradients and 77 

strong diel oscillations in porewater [H+] and [O2]. We argue that feedbacks in response to 78 

ocean acidification occurring at this interface matter for ecosystem-scale processes. This is 79 

because the environmental conditions at the sediment–water interface in the coastal ocean 80 

affect important processes including the remineralisation of organic carbon, nitrogen cycling, 81 

reactive solute exchange between the sediment and the overlying seawater, larval 82 

settlement, recruitment, faunal emergence and the behaviour of key bioturbating species 83 

(e.g., Santschi et al. 1990, Pawlik 1992, Marinelli and Woodin 2002, Clemens and Hunt 2015). 84 

Previously we found that experimental carbonation (acidification) of seawater overlying 85 

subtidal silt sediment shifted porewater [H+] profiles measured in light and darkness towards 86 

higher concentrations and that this shift extended to the depth of the anoxic sediment 87 

(Vopel et al. 2021). We now ask how such carbonation alters the diel oscillations in 88 

porewater [H+] and [O2] and if the dissolution of biogenic calcite can dampen the amplitude 89 

of these oscillations. Besides porewater buffering, carbonation-induced dissolution of calcite 90 

at the sediment surface may also have implications for recruitment of calcifying fauna (e.g., 91 

Clements et al. 2016). In our design, we included measurements of porewater [O2] as a proxy 92 
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of microbial metabolic activity to assess possible metabolic feedbacks to experimental 93 

seawater carbonation.  94 

 95 

Figure 1 Photographs showing surfaces of intact cores of the subtidal silt sediment submerged in 96 
natural, recirculating seawater. The dark areas at the surface of the cores in (a) indicate the presence 97 
of pinnate diatoms. The cores in (b, c) received a 1-mm surface layers of (b) sterile carbonate free 98 
sand (Control) or (c) calcite (ground oyster shells; Treatment). Insert: Three replicate Fourier 99 
Transform Infrared (FTIR) spectra of ground oyster shell granules. The absorption observed around 100 
877 and 713 cm-1 are due to vibrations of the carbon–oxygen double bond in the carbonate ion of 101 
calcite. 102 

 103 

a

b

c
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To assess the response of our subtidal silt sediment, we submerged 12 intact sediment cores 104 

(Fig. 1) in each of two experimental units circulating natural seawater at in situ temperature 105 

(Table 1) and provided 12 hours per day of photosynthetically active radiation to the 106 

sediment surface at a flux density similar to that measured midday at the 10 m-deep core 107 

collection site. We then deposited a 1 mm layer of <125 μm sterile particles of sand (six 108 

cores, Control) or ground oyster shell (six cores, Treatment, Fig. 1c) onto the sediment 109 

surface in each unit. Starting on day 2 of the 21-day experiment (Fig. S1), we gradually (0.04 110 

pH units per day) increased the seawater [H+] in one of the experimental units using CO2-111 

enriched air from pH 8.0 (pCO2 = 472 μatm) to 7.6 (pCO2 = 1216 μatm, Table 1) and then, 112 

starting on day 16, measured vertical microprofiles of pH and [O2] under conditions of light 113 

and darkness in individual cores (Fig. S1). 114 

 115 

Table 1 Properties of ambient and CO2 enriched seawater (Mean ± 1SD). Temperature (°C) and salinity 116 
are averages of 22 daily measurements whereas DIC and TA (µmol kg SW−1) are averages of five 117 
measurements taken during the final 10 days of the experiment. Seawater pH (total scale), [H+] (nmol 118 
L-1), pCO2 (μatm), [CO3

2–] (µmol kg SW−1), WCA and WAR were derived from the measured parameter for 119 
a temperature of 15 °C. 120 
 121 

 Ambient CO2 enriched 

Measured parameters 
Temperature 14.6 ± 0.15 14.7 ± 0.16 
Salinity 34.5 ± 0.07 34.5 ± 0.06 
DIC 2112 ± 5 2261 ± 13 
TA 2302 ± 10  2314 ± 10  

Calculated parameters at 15 °C 
pHT 7.99 ± 0.01 7.62 ± 0.03 
[H+] 10.3 ± 0.2 23.6 ± 0.9 
pCO2 472 ± 7 1216 ± 88 
[CO3

2–] 139 ± 3 66 ± 4 
WCA 3.32 ± 0.06 1.57 ± 0.09 
WAR 2.13 ± 0.04 1.01 ± 0.06 

 122 
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Results 123 

Diel oscillations in porewater [H+] and [O2] at ambient pCO2  124 

Porewater microprofiles measured in the Control sediment cores revealed that the 125 

photosynthetically induced diel oscillations in porewater [H+] and [O2] extended to depths of 126 

about 8 mm (Figs 2 & 3). Integrated over the experimental 12/12 h light–dark cycle, the 127 

subtidal sediment was a sink for H+ and a source of O2. The [H+] gradients in the diffusive 128 

boundary layer of the sediment indicated that, on average, the silt removed 2.5 times more 129 

H+ from the overlying seawater in light than it released in darkness (Table 2, H+ fluxDBL).  130 

 131 

Table 2 Effects of seawater CO2 enrichment and calcite deposit on the silt’s average (± 1 SD) O2 132 
consumption, porewater oxygenation, and H+ flux. O2-pd, O2 penetration depth (mm); DOE, diffusive 133 
O2 exchange (µmol m-2 h-1); RA, depth-integrated O2 production (µmol m-2 h-1); RV, integrated volume-134 
specific O2 consumption (= RA/O2-pd, nmol cm−3 h−1). H+ fluxDBL and H+ fluxsub (mmol m–2 h–1). Diffusive 135 
H+ flux calculated from the vertical [H+] gradients in the diffusive boundary layer and below the silt 136 
surface, respectively. Negative and positive DOU or R and H+ flux values indicate sediment O2 uptake 137 
and release, respectively. Numbers in parenthesis are number of replicate measurements (cores).  138 

 139 
 Sand (Control) Calcite (Treatment) 
 8.0 7.6 d ES CI 8.0 7.6 d ES CI 

Light  (6) (6)   (6) (6)   
O2-pd 8.5 ± 0.2 8.2 ± 0.7 0.56 0.28/0.83 9.0 ± 0.4 8.4 ± 0.4 1.56 1.36/1.75 

DOE 489 ± 442 382 ± 277 0.32 -190/191 478 ± 342 490 ± 337 -0.04 -175/175 
RA 332 ± 247 315 ± 290 0.07 -143/143 302 ± 198 377 ± 333 -0.30 -142/141 

 (5) (5)   (5) (6)   
H+ fluxDBL -217 ± 55 -437 ± 220  1.53 -87.3/90.4 -156 ± 92 -421 ± 140  2.41 -62.5/67.3 
H+ fluxsub 96 ± 16 42 ± 19 3.42 -6.4/13.2 121 ± 17 84 ± 3 3.51 -2.78/9.79 

Darkness (6) (5)   (6) (6)   
O2-pd 7.6 ± 0.5 7.0 ± 0.7 1.32 1.04/1.60 7.8 ± 0.6 7.3 ± 0.6 0.97 0.66/1.28 

DOE -263 ± 52 -293 ± 55 0.60 -28.0/29.2 -178 ± 64 -239 ± 33 1.31 -25.1/27.7 
RA -229 ± 14 -254 ± 53 0.73 -19.0/20.4 -219 ± 38 -235 ± 36 0.47 -18.5/19.4 
RV -30 ± 2.2 -37 ± 9.6 1.20 -2.32/4.72 -28 ± 7.0 -32 ± 6.9 0.65 -2.93/4.23 

 (4) (4)   (6) (6)   
H+ fluxDBL 87 ± 46 152 ± 92 -0.97 -47.0/45.0 106 ± 90 -155 ± 111  2.83 -49.4/55.1 
H+ fluxsub 55 ± 21 41 ± 12 0.94 -9.2/11.1 84 ± 20 95 ± 33 -0.44 -14.6/13.7 

 140 

Photosynthesis at the sediment surface lowered the [H+] in the top millimetre of the 141 

sediment below that measured in the overlying seawater (Fig. 2a). This reversed the direction 142 

of the sediment–seawater H+ exchange observed in darkness and increased the flux of H+ 143 
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from the bottom of the oxic zone to the surface sediment by a factor of 1.7 (H+ fluxsub in 144 

Table 2).  145 

 146 

 147 

Figure 2 Average (n = 5) vertical microprofiles of porewater [H+] (open and filled circles) measured in 148 
intact cores of subtidal silt submerged in (a, b) ambient seawater and (c, d) CO2-enriched seawater 149 
under conditions of (a, c) light and (b, d) darkness. CO2:HCO3

- activity ratios (open and filled squares) 150 
presented alongside porewater [H+] data were calculated in PHREEQC 3.0. A 1 mm surface layer of 151 
either sterile sand (blue symbols) or calcite (open symbols) was added to the sediment cores at the 152 
start of the experiment. The grey dashed and solid lines indicate the [H+] in ambient seawater and the 153 
position of the sediment surface, respectively. Black horizontal lines extending to the right or left of 154 
the symbols indicate 1 SD.  155 

 156 

Vertical [O2] microprofiles measured in the diffusive boundary layer to compute the diffusive 157 

sediment–seawater O2 exchange (DOE), and in the sediment porewater to compute the 158 

depth-integrated sediment O2 production (RA) showed that the Control released on average 159 
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1.9 and 1.4 times, respectively, more O2 in light than it consumed O2 in darkness (Table 2). 160 

Note the large standard deviation of the average DOE measured in light indicating patchiness 161 

in the distribution of benthic microphytes (Fig. 1a). In darkness, O2 diffused from the 162 

sediment overlying seawater to an average sediment depth of 7.6 mm (Fig. 3b). As expected, 163 

photosynthesis at the surface of the sediment supersaturated the porewater of the top 2 mm 164 

of the sediment with O2, reversing the dark O2 flux and increasing the O2 penetration by 0.9 165 

mm (Fig. 3a). Note that across the entire set of experimental treatment, DOE and RA were 166 

linearly correlated (R2 = 0.96) but agreement between these two estimates gradually 167 

decreased with increasing O2 production (Fig. S2). 168 

 169 

 170 

Figure 3 Average (n = 6) vertical microprofiles of porewater [O2] measured in intact cores of subtidal 171 
silt submerged in (a, b) ambient seawater and (c, d) CO2-enriched seawater under conditions of (a, c) 172 
light and (b, d) darkness. A 1 mm surface layer of either sterile sand (blue symbols) or calcite (open 173 
symbols) was added to the sediment cores at the start of the experiment. The grey horizontal lines 174 
indicate the position of the sediment surface. Black horizontal lines extending to the right or left of 175 
the symbols indicate 1 SD.  176 

 177 

pH 8.0 pH 8.0

pH 7.6pH 7.6

a b

c d
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Effects of calcite deposition  178 

In light, the flux of H+ from the bottom of the oxic sediment layer into the calcite surface 179 

layer (Treatment, H+ fluxsub) exceeded that into the sand surface layer (Control) by factors of 180 

1.3 and 2.0 in ambient and CO2-enriched seawater, respectively (Tables 2, 3; Figure 2a, c). 181 

Similarly, in darkness, the flux of H+ from the bottom of the oxic sediment layer of the 182 

Treatment exceeded that from the bottom of the oxic layer of the Control by factors of 1.5 183 

and 2.3 in ambient and CO2-enriched seawater, respectively (Tables 2, 3; Fig. 2b, c). The 184 

calcite surface layer had no statistically clear effect on the H+ flux across the diffusive 185 

boundary layer (DBL) (H+ fluxDBL, Table 2) except in darkness in CO2-enriched seawater. Under 186 

these conditions, the calcite layer resulted in a H+ flux similar in size but opposite in direction 187 

of that in the Control (152 ± 98 versus -155 ± 111 mmol m–2 h–1, Table 2). 188 

The [O2] gradients in the sediment’s diffusive boundary layer indicate that, in darkness, the 189 

calcite Treatment removed on average less O2 from the overlying seawater than the sand 190 

control (DOE in Tables 2, 3). Inspection of the average microprofiles shown in Figure 3, 191 

however, confirms this only for sediment in ambient seawater (Fig. 3b), but not for the 192 

sediment in carbonated seawater (Fig. 3d). Furthermore, the estimates of RA and the volume 193 

specific O2 production, RV, which are based on the measured porewater microprofiles, do not 194 

confirm that Control and Treatment differ in their O2 demand (Tables 2, 3).  195 

Effects of seawater carbonation 196 

In light, the Control and Treatment removed H+ from the overlying carbonated seawater (H+ 197 

fluxDBL) at a larger rate than from the ambient seawater (Tables 2, 3; Fig. 2 a, c). As expected, 198 

a greater H+ uptake from the carbonated seawater was accompanied with smaller flux (H+ 199 

fluxsub) from the bottom of the oxic layer (Tables 2, 3). Note that the increase in H+ uptake 200 

from the carbonated seawater outweighed the decrease in flux from the bottom of the oxic 201 

sediment layer. That is, in light, the surface layers of Control and Treatment consumed more 202 

H+ in carbonated seawater than in ambient seawater. 203 

In darkness, the flux of H+ across the DBL of the Control sediment was independent of the 204 

seawater pCO2 (Tables 2, 3; Fig. 2 b, d). The H+ flux across the DBL of the Treatment 205 

sediment, on the other hand, indicated H+ release in ambient seawater but uptake in 206 

carbonated seawater.  207 
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Seawater carbonation also affected the O2 penetration depth (O2-pd); O2 penetrated the 208 

Control and Treatment less from the carbonated seawater than from the ambient seawater, 209 

under both light and darkness (Tables 2, 3). The effects of seawater carbonation on the 210 

volume specific sediment O2 consumption, RV, and the DOE measured in darkness were 211 

statistically not clear.  212 

 213 

Figure 4 Diel oscillations in porewater (a) [H+] (D[H+]D-L, nmol L-1) and (b) [O2] (D[O2]L-D, µmol L-1) as a 214 
function of depth in the surface layer of intact cores of subtidal silt sediment submerged in ambient 215 
(circles) and CO2-enriched (triangles) seawater. A 1 mm surface layer of either sterile sand (filled 216 
symbols) or calcite (open symbols) was added to the sediment cores. The horizontal grey line 217 
indicates the position of the sediment surface. 218 

 219 

Discussion 220 

Our measurements in cores of photosynthetic subtidal silt sediment with 1 mm of added 221 

sterile sand (Control) revealed that carbonation of the overlying seawater increases the peak-222 

to-peak amplitude of the diel porewater [H+] oscillations (Fig. 4a, compare filled vs open 223 

triangles). Two effects likely contribute to this increase: (1) in darkness, sedimentary 224 

microbial reaction processes seem to amplify the positive effect of seawater carbonation on 225 

porewater [H+] (Fig. 5a, filled symbols), and (2) replenishment of the CO2 taken up during 226 

photosynthesis by the bicarbonate pool consumes H+ at a greater rate in carbonated 227 

seawater than in ambient seawater (Fig. 5a, open symbols). Furthermore, we showed that 228 

a b
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seawater carbonation decreased the sediment penetration of O2 in both light and darkness 229 

(Tables 2, 3) suggesting a CO2 response of microbial reaction processes that either directly or 230 

indirectly consume O2. 231 

 232 

 233 

Figure 5 Effect of seawater CO2 enrichment on the sediment porewater [H+] (D[H+]enr-amb, nmol L-1) 234 
under conditions of light (open symbols; yellow arrow) and darkness (closed symbols; shaded arrow) 235 
and added (a) sterile sand (Control) or (b) calcite (Treatment). 236 

 237 

The addition of biogenic calcite to the surface of the sediment increased the flux of H+ from 238 

the bottom of the oxic sediment layer (H+ fluxsub) towards the sediment surface, in light and 239 

darkness, and in both ambient and carbonated seawater (Tables 2, 3). We suspect that this 240 

was caused by dissolution of calcite at the sediment-facing boundary of the calcite deposit. 241 

(note that the statistically clear effect of seawater pCO2 on this flux—a decrease observed 242 

only in light (Tables 2, 3)—was caused by an increase in the supply of H+ across the DBL 243 

following the carbonation of the seawater). The H+ flux across the seawater-facing boundary 244 

of the calcite deposit (H+ fluxDBL), on the other hand, did statistically not differ from the flux 245 

across the diffusive boundary of the Control, except in carbonated seawater under conditions 246 

of darkness (Tables 2, 3). Under these conditions, seawater carbonation decreased the efflux 247 

of H+ from the sediment and so raised the porewater [H+] sufficiently to trigger calcite 248 

dissolution across the entire deposit. This dissolution then decreased the porewater [H+] 249 

below that in the CO2-enriched overlying seawater reversing the direction of the H+ flux (Fig. 250 

a) Sand deposit (control) b) Calcite deposit
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2d). Consequently, the peak-to-peak amplitude of the diel porewater [H+] oscillations 251 

decreased (Fig. 4a, open triangles). Such an effect was not observed in ambient seawater: the 252 

overlapping D[H+]D-L profiles in Figure 4a (open and closed circles) indicate that in ambient 253 

seawater, the influences of photosynthesis on [H+] in the porewater of Control and 254 

Treatment were similar. That is, in ambient seawater, the addition of calcite did not alter the 255 

photosynthetically induced [H+] oscillations.  256 

Besides differences between Control and Treatment in the flux of H+ from the bottom of the 257 

oxic sediment layer, the O2 gradients in the diffusive boundary layer measured in darkness 258 

under conditions of ambient and carbonated seawater revealed differences between Control 259 

and Treatment in the diffusive O2 exchange (DOE, Tables 2, 3). These gradients may not 260 

correctly reflect the steady-state sediment–seawater O2 exchange, but if so, then the 261 

Treatment seemed to have removed less O2 from its overlying seawater than the Control in 262 

both ambient (d ES = -1.6) and carbonated seawater (d ES = -1.35). We note, however, that 263 

the proxies derived from the measured porewater [O2] profiles (O2-pd, RA and RV) did not 264 

return statistically clear differences.  265 

We posit that the observed increase in the flux of H+ from the bottom of the oxic layer of the 266 

Treatment sediment resulted from the dissolution of the sediment-facing boundary of the 267 

calcite deposit. Inspection of the [H+] microprofiles shown in Figure 2b reveals that this may 268 

have started at a porewater [H+] of 15–20 nmol L–1 (pH 7.8–7.7)—the concentrations 269 

measured at 1 mm depth. We can infer from the Control that carbonation of the sediment-270 

overlying seawater then raised the [H+] in the porewater of the calcite layer above ~25 nmol 271 

L–1 (below pH 7.6, Fig. 2d, Control) initiating dissolution, which lowered the porewater [H+] to 272 

about 20 nmol L–1 (increased pH to ~7.7) as shown in Figure 2d. If the dissolution–273 

precipitation balance was to shift toward net dissolution at WCA < 0.7 (Subhas et al. 2017), 274 

and assuming that porewater total alkalinity, TA = 2.3 mmol kg-1, then calcite should be 275 

stable at pH > 7.25, and the [H+] profiles across the calcite layer should resemble the profiles 276 

measured in the Control. Our results suggest that dissolution started at a much lower [H+] 277 

(higher pH) confirming the evidence presented by others (Ries et al. 2016) who have 278 

observed that gross dissolution of whole-shell biogenic CaCO3 occurred in treatments that 279 

were oversaturated (W > 1) with respect to calcite. The abundance of large motile pennate 280 

diatoms (species of the genera Pleurosigma, Gyrosigma, Nitzschia, Thalassionema, and 281 
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Bacillaria) raises the possibility that the dissolution of the surface calcite was enhanced by 282 

the activity of extracellular enzymes. Diatoms use an extracellular carbonic anhydrase (Nimer 283 

et al. 1999, Hopkinson et al. 2013), located in the periplasmatic space (Tachibana et al. 2011, 284 

Samukawa et al. 2014), as part of a carbon-concentrating mechanism that increases the flux 285 

of CO2 towards the carboxylating enzyme, ribulose-1,5-bisphosphate carboxylase-oxygenase 286 

(RubisCO) (Matsuda et al. 2017). This enzyme catalyses the otherwise slow inter-conversion 287 

of CO2 and HCO3
– and in this case, facilitates CO2 uptake by generating CO2 from HCO3

– at the 288 

cell surface (Hopkinson et al. 2013) through a two-step process, a hydration–dehydration 289 

step followed by a rate-limiting transfer of protons, which is presumable buffered by the 290 

acidic polymerised silica of the diatoms’ cell wall (Milligan & Morel 2002). Evidence 291 

presented by Subhas et al. (2017) suggests this activity increases calcite dissolution across all 292 

saturation states, the effect being most pronounced close to equilibrium (WCA = 1). 293 

What amplified the effects of biogeochemical processes on porewater [H+] in carbonated 294 

seawater?  295 

In Figure 5, we use vertical D[H+]enr-amb profiles to assess how seawater carbonation altered 296 

[H+] in both the sediment-overlying seawater and the sediment porewater. As mentioned 297 

above, for both, Control and Treatment, injection of CO2-enriched air will initially have 298 

decreased the porewater–seawater [H+] gradient observed in darkness and so the dark H+ 299 

efflux. If sedimentary reaction processes kept producing and consuming H+ at unchanged 300 

rates, then the porewater [H+] and sediment–seawater H+ efflux must have gradually 301 

increased until net production and efflux were again in equilibrium. That is, the [H+] at the 302 

sediment surface must have increased by as much as the [H+] in the bottom seawater and 303 

D[H+]enr-amb would gradually be attenuated with sediment depth. However, Figure 5a shows 304 

that in darkness, D[H+]enr-amb in the porewater of the upper 2 mm of the sediment exceeded 305 

that in the overlying seawater. This suggests that net-production of H+ had increased leading 306 

to higher porewater concentrations and a higher H+ efflux. The average H+ efflux measured in 307 

CO2-enriched seawater was in fact higher than that measured in ambient seawater (d ES = –308 

0.97, Table 2), but this difference was statistically not clear (Table 3, post-hoc p = 0.7611).  309 

  310 
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Table 3 Summary of two-way ANOVA p values in light and darkness testing for the effects of seawater 311 
pCO2 (ambient (amb), enriched (enr)) and sediment surface deposit (sand (san), calcite (cal)) on the 312 
silt’s O2 penetration depth (O2-pd), diffusive O2 exchange (DOE), depth integrated O2 consumption 313 
(RA), depth integrated volume specific O2 consumption, RV, H+ fluxes across the diffusive boundary 314 
layer (H+

DBL) and at the bottom of the oxic sediment layer (H+
sub). 315 

 316 

 pCO2 Deposit pCO2 ´ Deposit Tukey post-hoc test results 

A) Light    
O2-pd 0.0428 0.2724 0.7552  
DOE 0.8116 0.7366 0.9599  
RA 0.9551 0.7946 0.7127  
H+ fluxDBL 0.0128 0.7591 0.2052  
H+ fluxsub 0.0029 <0.0001 0.1100  

B) Darkness    
O2-pd 0.0235 0.3716 0.8350  
DOE 0.0532 0.0048 0.4776  
RA 0.2498 0.4024 0.8026  
RV 0.0883 0.3647 0.6326  
H+ fluxDBL 0.0335 0.0036 0.0014 amb: san vs cal, p = 0.9887; enr: san vs cal, p = 0.0007 

san: amb vs enr, p = 0.7611; cal: amb vs enr, p = 
0.0010 

H+ fluxsub 0.8980 0.0017 0.2787  

 317 

Following Middelburg et al. (2020), the instantaneous effect of a biogeochemical process on 318 

[H+] is the product of the net charge exchanged during the process (Dcharge), the sensitivity 319 

factor of seawater (dpH/dCBA), and the process intensity Iprocess (mol m-3 s-1): 320 

dpH	=	Dcharge	´ 0 !"#
!$%&

1 ´	Iprocess	 	 	 	 	 	 	 	 (1) 321 

Because the sensitivity factor and the net charge exchange are functions of pH, the influence 322 

of a biogeochemical process also depends on pH. In other words, the carbonation-induced 323 

acidification of the sediment porewater can alter the positive or negative effect of 324 

biogeochemical reaction processes on porewater [H+] even if the intensity of the reaction 325 

process remains unchanged. For aerobic mineralisation and the reoxidation of reduced 326 

solutes with O2, this pH dependency sees the production of [H+] steeply increasing as 327 

porewater [H+] increases above 10 nmol L–1 (pH decreases below 8.0, Soetaert et al. 2007). 328 

That is, an increase in porewater [H+] will have increased the production of H+ by porewater 329 

microbial reaction processes raising D[H+]enr-amb above that observed in the overlying 330 

seawater, even if the reaction process intensity remained unchanged. It would follow then 331 
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that the observed increase in D[H+]enr-amb does not necessarily imply that an ecosystem 332 

process has responded to additional CO2 (ecosystem feedback). 333 

While in darkness D[H+]enr-amb in the porewater of the Control exceeded that in the overlying 334 

seawater, in light, it steeply decreased below that in the overlying seawater reaching a 335 

minimum just below the sediment surface (Fig. 5a). This suggests photosynthesis must have 336 

removed more H+ in carbonated seawater than in ambient seawater. Again, this may have 337 

followed from the pH dependencies of the seawater sensitivity factor and the net charge 338 

exchange (see above); Soetaert et al. (2007) showed that the consumption of porewater H+ 339 

by photosynthesis based on ammonium or nitrate increases steeply as the environmental 340 

[H+] increases above 10 nmol L-1. An increase in the process intensity, that is, CO2-enhanced 341 

photosynthetic carbon fixation, on the other hand, should be reflected in the measured [O2] 342 

microprofiles showing an increase in O2-pd and sediment–seawater O2 release. There is, 343 

however, no evidence for such effect (Figs 3b, 4 a, c, Table 2). None of the [O2] microprofiles 344 

and O2 production estimates indicate a greater net production of O2 in carbonated seawater.  345 

Besides enhancing the H+ production (dark) and consumption (light) in the porewater of the 346 

surface sediment, seawater carbonation caused a statistically clear decrease in O2-347 

penetration depth (O2-pd, d ES 1.3), and, although statistically not clear, an increase in the 348 

average integrated volume-specific O2 consumption (RV, Control, d ES = 1.2). The latter effect 349 

and the elevated D[H+]enr-amb may have a common cause, a positive CO2 response of microbial 350 

reaction processes that generate H+ and consume O2: the microbial reoxidation of reduced 351 

solutes (iron, manganese and sulphur) with O2 and aerobic mineralisation and nitrification. 352 

For example, an increase in the production and subsequent oxidation of Fe2+ would have 353 

raised both the O2 demand and the porewater [H+] in the surface sediment adding to the 354 

effects of pH-dependent sensitivity factor and net exchange of charge, as per Equation 2. 355 

4Fe2+ + HCO3
- + 10H2O → 7H+ + 4Fe(OH)3 + CH2O      (2) 356 

Here, for the first time, we presented evidence for a positive effect of seawater carbonation 357 

on the peak-to-peak amplitude of the dark–light oscillation in porewater [H+] that 358 

characterise cohesive photosynthetic sediment. We discussed possible causes of this effect 359 

and showed that dissolution of carbonate, if added to the surface, will diminish these 360 

oscillations. The pH dependencies of both the seawater sensitivity factor and the net 361 
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exchange of charge may explain why sediment biogeochemical processes in carbonated 362 

seawater added and removed more H+ to and from the porewater in darkness and light, 363 

respectively, than they did in ambient seawater. Ecosystem feedback in the form of CO2-364 

induced changes in the intensity of photosynthesis in light and respiration in darkness may 365 

also explain an enhanced consumption and production, respectively, of porewater H+, but 366 

this is not consistent with the observed decrease in O2 penetration in light and the similarity 367 

of the [O2] microprofiles measured in ambient and carbonated seawater. One possible 368 

process that explains this discrepancy is increased microbial reoxidation of reduced solutes 369 

with O2, and thus increased sediment O2 demand, decreasing the O2 penetration while 370 

increasing porewater [H+]. The dissolution of the added calcite then effectively countered the 371 

increase in porewater [H+] (Fig. 5b), but not the CO2-induced decrease in O2 penetration. This 372 

dissolution should not be considered as ecosystem feedback because calcite was not 373 

naturally present at the sediment surface. It indicates, however, a challenge for recruits of 374 

calcifying fauna arriving at the sediment surface. A chemically more aggressive (acidified) 375 

surface layer may prevent recruitment and so alter animal-generated spatial and temporal 376 

heterogeneities in the sediment (see, e.g., Zhu et al. 2006).  377 

Material and Methods 378 

Sediment collection and properties 379 

On June 11th 2019, we collected 24 cores of subtidal silt with SCUBA at 10 m water depth in 380 

Man O’War Bay (S 36° 47' 38", E 175° 10' 14"), Hauraki Gulf, New Zealand, as described in 381 

Vopel et al. (2018, 2021). The cores were kept below 15 °C, the in situ seawater temperature, 382 

during a 2.5 h trip to the laboratory. The salinity of the seawater was 34.5. Loss of weight of 383 

the silt’s upper 10 mm layer after drying at 60 °C and combustion at 550 °C indicated that on 384 

average, porewater accounted for 68 ± 1.3 % of the silt’s wet weight, and that 9.5 ± 0.4 % of 385 

the silt’s dry weight (± 1 SD, n = 3) was organic matter. The calcium carbonate content of the 386 

upper 10 mm of the sediment was 4.1 ± 0.2 % dry weight (n = 3). Chlorophyll a and 387 

phaeopigment contents were 12.5 ± 1.9 and 20.5 ± 2.4 μg (g dry weight)-1 (n = 3) giving a Chl 388 

a/phaeopigment ratio of 0.6. Particle sizes, determined using ~10 mL sample of the 389 

homogenized silt and a Malvern Mastersizer 2000, ranged from 0.24 to 350 μm with a 390 

volume weighted mean of 35.7 ± 0.9 μm (Kurtosis: 8.0 ± 1.3, Skewness: 2.6 ± 0.2).  391 
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Laboratory setup and seawater properties 392 

We submerged 12 randomly selected sediment cores in two independent experimental units 393 

(EU) each circulating ~1120 L of natural seawater (Table 2). Details of these units are 394 

described in Vopel et al. (2018, 2021). LED floodlights provided ~130 μmol quanta m−2 s−1 of 395 

photosynthetically active radiation (PAR) from 7 am to 7 pm at the surface of the submerged 396 

sediment cores. This intensity was similar to that measured midday at the core collection site 397 

(K Vopel unpublished data). Starting on d 2 of the experiment, we carbonated the seawater 398 

circulating in one EU by automatic stepwise injection of CO2-enriched air (5% CO2, 21% O2 in 399 

nitrogen) to decrease its pH by 0.04 units per day (for 10 d) until a pH of 7.60 was reached 400 

(Fig. S1). The seawater pH was then maintained at 7.60 for a further 9 d until the end of the 401 

experiment (d 21). The level of carbonation was controlled by CapCtr software (Loligo 402 

Systems Aps), a SenTix HWD electrode connected to a pH 3310 meter (WTW), and a solenoid 403 

valve. For additional details including the calibration of pH electrodes see Vopel et al. (2018).  404 

We measured the seawater salinity daily and kept it between 34.4 and 34.7 by adding 405 

ultrapure water. One litre of seawater collected from each EU weekly was analysed for 406 

dissolve inorganic carbon (DIC) by coulometry and total alkalinity (TA) by potentiometric 407 

titration following the SOP’s 2 and 3a procedures (Dickson et al. 2007). D. Pierrot’s 408 

adaptation of the CO2Sys.BAS program (Lewis and Wallace 1998) computed the seawater 409 

pCO2 and pH (seawater scale, mol kg-SW−1). The dissociation constant for HSO4
– was taken 410 

from Dickson (1990); the values of K1 and K2 of carbonic acid were from Mehrbach et al. 411 

(1973) refitted by Dickson and Millero (1987). The CO2Sys.BAS computations confirmed that 412 

the stepwise increase in the injection of CO2-enriched air increased the seawater pCO2 by a 413 

factor of ~2.6 and decreased seawater pH from 8.0 to 7.6 (Table 1). 414 

Sediment treatment 415 

On d 1 of the experiment, we added a 1 mm thick surface layer of biogenic calcite (Fig. 1) to 416 

six cores in each of the two experimental units. To do so, we briefly ground (Omni Ruptor 417 

4000 Ultrasonic Homogenizer) bleach sterilised and rinsed oyster shells and sieved the 418 

material to exclude particles >125 µm. Fourier transform infrared spectroscopy of this 419 

material confirmed the identity of the CaCO3 mineral (Fig. 1). We weighed 2 g into each of 12 420 

seawater-filled 100-mm diameter petri-dishes to create a consistent, 1 mm thick layer at the 421 
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bottom of each petri dish. The contents of each petri dish was then frozen at -80 °C and one 422 

of the resulting solid seawater/calcite disks was placed into the headwater space of each 423 

core. As the disks thawed, an even layer of calcite was distributed onto the surfaces of the 424 

sediment cores. To avoid disturbing the settling particles, the cores were isolated from the 425 

surrounding seawater until the surface layers of calcite had formed (~20 min). A 1 mm thick 426 

surface layer of sand particles was added to each of the remaining cores as a control using 427 

the same technique. The sand particles were first heated for 4 h at 550 °C to remove organic 428 

carbon and then sieved to exclude particles >125 µm. After sieving, they were heated for a 429 

second time for 1 h at 840 °C to remove CaCO3. 430 

O2 and pH microprofiling 431 

Starting on d 16 (i.e. after 4 d at pH = 7.6 in the enriched treatments, Fig. S1) of the 432 

experiment, we recorded one vertical [O2] and pH microprofile in each core under conditions 433 

of darkness and light. Measurements were made after at least 6 h exposure to light or 434 

darkness and the cores were selected at random across the 5 d it took to complete all the 435 

measurements. The vertical profiles were made at a 0.2 mm resolution starting from a 436 

position 2 mm above the sediment surface into the anoxic sediment at 9–10 mm depth with 437 

PreSens (optodes) and Unisense (pH microelectrodes, 100-µm tip) hard- and software. We 438 

then used the section of an [O2] or pH microprofile that described the diffusive boundary 439 

layer of the sediment to calculate the diffusive O2 (DOE, µmol m-2 h-1) and H+ (H+ fluxDBL, 440 

mmol m–2 h–1) exchange, respectively. The molecular diffusion coefficients of O2 and H+ (D0) 441 

were from Broecker and Peng (1974) and Cussler (2009), respectively, and corrected for 442 

temperature and salinity as described by Li and Gregory (1974).  443 

The O2 penetration depth (O2-pd, mm) was defined as the depth at which the porewater [O2] 444 

decreased below 1 µmol L−1. The sediment section of the [O2] profiles was used to derive the 445 

silt’s areal, depth integrated O2 consumption (RA, µmol m-2 h-1), and integrated volume-446 

specific O2 consumption (RV = RA/O2-pd, nmol cm−3 h−1), with the model PROFILE (Berg et al. 447 

1998) neglecting the sediment biodiffusivity and irrigation, and assuming a constant porosity, 448 

f = 0.85. To derive the flux of H+ from the deeper sediment (H+ fluxsub, mmol m–2 h–1), we use 449 

a section of the [H+] profile that described the bottom 2 mm of the oxic layer. The diffusivities 450 

corrected for tortuosity were calculated as DS = D0 ´ f, following Ullman and Aller (1982). The 451 

difference in molecular diffusivity between the silt and the overlying seawater caused a 452 
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distinct change in the slope of the measured [O2] profile at a position that marked the silt 453 

surface (Jørgensen and Revsbech 1985, Rasmussen and Jørgensen 1992). 454 

Equilibrium speciation calculations 455 

The equilibrium activity ratio of CO2 to HCO3
- is presented in Figure 2. Carbonate species 456 

distributions were determined in PHREEQC 3.0 using the seawater composition presented in 457 

Nordstom et al. (1979) to calculate the activity of associated inorganic complexes. 458 

Calculations were completed for each microprofile depth. While the total alkalinity in pore 459 

waters was not known, the activity ratio of CO2:HCO3 is independent of [DIC] and can be 460 

computed using the relevant equilibrium constants and the concentration of protons in 461 

solution. 462 

Data analyses 463 

The vertical profiles of D[H+]L-D and D[H+]enr-amb shown in Figures 4 and 5 were calculated 464 

using averages of [H+] measured in replicate cores under conditions of light and darkness or 465 

in acidified and ambient seawater, respectively. We follow Dushoff et al. (2019) when 466 

describing the conclusion from our statistical tests in terms of statistical ‘clarity’ rather than 467 

‘significance’. We used separate two way analysis of variance (ANOVA) to test the treatment 468 

effects of seawater pCO2 (ambient, enriched) and sediment surface deposit (sand control, 469 

calcite) and their interaction on O2-pd, DOE, RA, H+ fluxDBL and H+ fluxsub under light and dark 470 

conditions. When a clear pCO2 × Deposit interaction was detected, separate Tukey HSD post-471 

hoc analyses were undertaken for Deposit under pCO2 conditions and vice versa. All 472 

statistical tests were conducted using Statistica (StatSoft GmbH). Prior to analysis, data were 473 

checked for normality and homogeneity of variance (visual inspection of residuals); no 474 

transformations were required. The d Effect Size (d ES) and 95% Confidence Interval were 475 

computed using the Excel routine created by Jared DeFife, Emory University, 2009 476 

(web.cs.dal.ca/~anwar/ds/Exce;4.xlsx). 477 

Data availability 478 

The datasets are available from the corresponding author on reasonable request. 479 
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 607 

Table S1. Sediment properties. Average (± 1 SD, n = 4) properties of the upper 10 mm layer of silt 608 
cores modified by addition of a 1-mm layer of sand (Control) or calcite (Treatment). These core were 609 
submerged in ambient or CO2 enriched seawater. 610 

 611 

 Ambient seawater CO2 enriched seawater 
 Sand Calcite Sand Calcite 

Silt/clay content (% volume <63 μm) 74.4 ± 4.5 80.7 ± 1.1 77.0 ± 1.0 80.3 ± 1.9 
Median grain size (μm) 26.7 ± 4.4 22.5 ± 1.5 24.8 ± 1.3 22.8 ± 2.8 
Water content (% dry weight) 67.2 ± 1.7 68.0 ± 0.6 66.2 ± 1.9 67.1 ± 2.1 
Organic matter content (% dry weight) 8.4 ± 0.2 10.4 ± 0.0 8.6 ± 0.1 10.0 ± 0.1 
CaCO3 content (% dry weight) 3.8 ± 0.3 5.0 ± 0.4 3.8 ± 0.2 4.6 ± 0.2 
Chl a (μg [g dw]-1) 11.3 ± 1.0 14.4 ± 4.6 15.0 ± 4.1 15.1 ± 2.6 
Phaeopigments (μg [g dw]-1) 18.1 ± 1.9 21.2 ± 0.6 18.5 ± 1.8 19.4 ± 2.7 
Ratio Chl a/phaeopigments 0.6 ± 0.1 0.7 ± 0.2 0.8 ± 0.2 0.8 ± 0.1 

 612 

 613 

Table S2. Summary of two-way ANOVA p values testing for the effects of seawater pCO2 (ambient, 614 
enriched) and sediment surface deposit (sand, calcite) on photosynthetic pigments. 615 
 616 

 pCO2 Deposit pCO2 ´ Deposit 

Chl a 0.2137 0.3608 0.3916 
Phaeopigments 0.5154 0.0571 0.2873 
Chl a/phaeopigments 0.0676 0.8662 0.6192 

 617 

  618 
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 619 

Figure S1 Experimental time line (I-IV) and time series of (a) seawater pCO2, [H+] and (b) dissolved 620 
inorganic carbon concentration (DIC), and total alkalinity (TA) in two seawater recirculating 621 
experimental units. The seawater in one unit (open symbols) was gradually enriched with CO2. 622 
Diamonds, DIC and pCO2. Circles, TA and [H+]. Arrows: I, application of sand (Control) and calcite 623 
(Treatment) deposits; II, injection of CO2 started to stepwise increase the seawater pCO2; III, CO2 624 
injection maintains pCO2 at 1216 ± 88 μatm; IV, microprofiling measurements start. See text for 625 
further details. 626 
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Figure S2 Scatter plot showing the linear relationship between the diffusive O2 exchange (DOE) across 629 
the diffusive boundary layer (DBL), and the areal depth-integrated O2 consumption, RA. The former 630 
was derived from [O2] microprofiles in the DBL, whereas the latter was from porewater [O2] 631 
microprofiles. The solid and dashed lines indicate respectively the linear fit (R2 = 0.96) and 95% 632 
confidence intervals.  633 


