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Abstract 

Photosynthesis of most seagrass species seems to be limited by present concentrations of dissolved 

inorganic carbon (DIC). Therefore, the ongoing increase in atmospheric CO2 could enhance seagrass 

photosynthesis and internal O2 supply, and potentially change species competition through 

differential responses to increasing CO2 availability among species. We used short-term 

photosynthetic responses of nine seagrass species from the south-west of Australia to test species-

specific responses to enhanced CO2 and changes in HCO3
-. Net photosynthesis of all species except 

Zostera polychlamys were limited at pre-industrial compared to saturating CO2 levels at light 

saturation, suggesting that enhanced CO2 availability will enhance seagrass performance. Seven out 

of the nine species were efficient HCO3
- users through acidification of diffusive boundary layers, 

production of extracellular carbonic anhydrase, or uptake and internal conversion of HCO3
-. Species 

responded differently to near saturating CO2 implying that increasing atmospheric CO2 may change 

competition among seagrass species if co-occurring in mixed beds. Increasing CO2 availability also 

enhanced internal aeration in the one species assessed. We expect that future increases in 

atmospheric CO2 will have the strongest impact on seagrass recruits and sparsely vegetated beds, 

because densely vegetated seagrass beds are most often limited by light and not by inorganic 

carbon. 

 

Keywords: Seagrass, net photosynthesis, increasing atmospheric CO2, bicarbonate utilization, 
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Introduction 

Global changes induced by anthropogenic emissions of CO2 and other greenhouse gases are 

expected to have considerable negative impacts on seagrasses (Duarte et al. 2008; Short & Neckles 

1999). However, the increase in partial pressure of atmospheric CO2 (pCO2atm) will increase 

concentrations of dissolved CO2 (CO2aq) and lower pH in the oceans. Since most seagrasses are 

limited by present day inorganic carbon availability (Koch et al. 2013), we expect seagrass 

photosynthesis to be enhanced by the gradually increasing CO2aq. In this study we have compared 

short-term photosynthetic responses to increasing CO2aq of nine seagrass species from the south-

west of Australia, examined their ability to utilize HCO3
- (bicarbonate) and consider the data in 

relation to leaf morphology and anatomy. 

 

Atmospheric CO2 concentrations have increased from pre-industrial 280 ppm to present day 400 

ppm, and are estimated to further increase to levels of between 650 and up to 1000 ppm by 2100 

(Parry et al. 2007; Zeebe & Wolf-Gladrow 2001). According to Henry’s Law, CO2aq will increase 

proportionally resulting in about 3-fold higher CO2 availability for submersed vegetation by 2100 

compared to pre-industrial conditions assuming equilibrium with the atmosphere although the 

expected concurring increase in temperature will lower CO2 solubility slightly. Due to the chemical 

equilibrium between CO2, HCO3
- and CO3

2- (eq. 1), the increase in CO2 as such would increase 

concentrations of HCO3
- and CO3

2- resulting in higher total dissolved inorganic carbon concentrations 

(DIC). However, the equilibrium is affected by pH, and since CO2 is a weak acid, pH decreases (pH = 

8.2 and 7.8 at pre-industrial and 2100 level, respectively) and lowers the relative increase in HCO3
- 

and would decrease the concentrations of CO3
2-. Consequently, the total DIC in seawater only will 

increase by around 10% (Zeebe & Wolf-Gladrow 2001), being a smaller overall increase than that of 

the CO2aq fraction. 

  

                    
        

                 (eq. 1) 
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Submersed vascular plants thrive in aquatic environments through adaptations such as having thin 

leaves without stomata, a reduced leaf cuticle, and some freshwater aquatic species also have 

dissected leaves that increase surface area to volume ratio (SA:V) and reduce diffusive boundary 

layer (DBL) thicknesses facilitating gas exchange with bulk water (Bowes 1993; Madsen & Sand-

Jensen 1991). Leaf anatomy in seagrasses is similar to other submersed plants: leaf surfaces are 

smooth with a thin cuticle and no stomata; the epidermis contains almost all chloroplasts; mesophyll 

tissues are simple and contain undifferentiated parenchyma that surround lacunae, vascular bundles 

and fiber bundles, and; vascular bundles are reduced in size as is their function for solute transport 

(Kuo & Den Hartog 2006). Hence, submersed plants can have much larger specific surface area for 

exchange of O2 and CO2 than most terrestrial plant leaves. However, this is offset by the 

approximately 104 lower diffusion coefficient of gases in water compared to in air, limiting CO2 

transport through the DBL adjacent to leaves. Most seagrass species are reported to be C3 plants 

(see review by Koch et al. 2013), so increasing pCO2 should enhance photosynthesis, as occurs in 

terrestrial C3 plants with leaves in air with elevated pCO2 (Beer & Koch 1996; Bowes 1993; Wang et 

al. 2012) and should also reduce the cost related to photorespiration (Raven et al. 2014), if 

bicarbonate utilization or carbon concentrating mechanisms do not ameliorate inorganic carbon 

limitation.  

 

Seagrasses grow in environments of high and relatively stable DIC (2.1-2.3 mM DIC), with 

concentrations of HCO3
- more than 100-fold higher than that of ‘free’ CO2aq. Most seagrasses seem 

able to utilize HCO3
- as a source of inorganic C in photosynthesis (see review by Koch et al. 2013). 

However, the processes required for HCO3
- utilization are energy-consuming. For example, ATP 

driven proton-pumps are required to acidify the DBL to convert HCO3
- to dissolved CO2, and energy is 

spent for producing membrane-bound (but extracellularly-functioning) carbonic anhydrase (CA) to 

catalyze the otherwise relatively slow chemical conversion of HCO3
- to CO2 (Larkum et al. 1989). 



 

 
This article is protected by copyright. All rights reserved. 

Similarly, energy is required to establish and maintain the trans-membrane proton gradient for co-

transport of protons and HCO3
- and for synthesis of internal CA for conversion of HCO3

- to CO2 (Beer 

et al. 2002; Hellblom et al. 2001; Lucas 1985). These mechanisms may vary among seagrass species 

and can partly be identified using acetazolamide (AZ) to inhibit externally-functioning CA and buffers 

(e.g., TRIS) to inhibit DBL acidification (Beer et al. 2002).  We analyzed the nine seagrass species in 

our study using these diagnostic tests to examine DIC uptake mechanisms. 

 

Here we examined whether increasing dissolved CO2 to a concentration relevant to possible future 

atmospheric levels would enhance net photosynthesis of nine seagrass species in the coast of south-

west Australia. Furthermore we observed if there were species-specific differences that could 

indicate possible changing competitive abilities among species under the future CO2 scenario. We 

hypothesized that increasing CO2aq would enhance net photosynthetic rates of all seagrass species 

but by differing amounts (see review by Koch et al. 2013). We also hypothesized that the species 

with lower SA:V and/or higher net photosynthetic rates per leaf area (i.e. higher chlorophyll 

concentration) would possess a higher capacity for HCO3
- utilization to enhance inorganic carbon 

uptake per unit leaf area. Hence, we expected these species to respond less to increasing CO2aq. 

Furthermore, we expected that non-HCO3
- utilizing species, if present among the nine seagrasses we 

tested, would show a greater positive response to increasing CO2aq than HCO3
- users. Finally, we 

expected that if increasing CO2aq enhances net photosynthesis, the enhancement should result in 

improved internal aeration of the plants, which we tested in a single species by measuring pO2 in 

tissues of shoot bases buried in the sediment when CO2aq was altered. Improved root aeration would 

result in greater rhizosphere oxygenation which in chemically-reduced sediments can protect against 

ingress of phytotoxins (e.g., Pedersen et al. 2004). 
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Materials and Methods 

Plant material 

Shoots of 9 seagrass species (Table 1) were collected in mesh bags during fall (April) for experiments 

on underwater net photosynthesis by SCUBA divers at 1-5 m depth in the waters around two 

offshore islands near Fremantle, Western Australia called Carnac  (32o7.26’, 115o39.95’) and 

Mewstone Islands (32o5.10’, 115o39.53’) (8 species) and from Swan River (1 species: Ruppia 

megacarpa). Back at the laboratory, the shoots were placed in 150 L plastic tubs containing aerated 

filtered (5 µm) seawater at 20 °C, 12 h light (650-750 µmol photons m-2 s-1, PAR) and 12 h dark in a 

controlled environment room. All material was used in experiments within 3 d of collection.  

 

Turfs of Zostera polychlamys were collected in acrylic cores (diameter = 15 cm; length = 25 cm) for 

experiments on internal aeration of the shoot bases. Shoots of other species (mostly Halophila 

ovalis) were removed and the turfs were left to acclimate in tanks containing aerated filtered 

seawater for a minimum of 3 d under the same conditions as described above for collected shoot 

material, before experiments on internal aeration were conducted. 

 

Underwater net photosynthesis and elevated CO2aq 

Rates of underwater net photosynthesis (PN) of leaf segments were established for the nine species 

following the principles in Pedersen et al. (2013) with a few modifications. In brief, leaf segments 

(10-20 mm long, projected area of  1 cm2) were taken from the youngest fully developed leaf and, if 

present, epiphytes were gently removed by using a soft brush or, in some cases, carefully scraped off 

using a razor blade in a backwards motion (Borum & Wium-Andersen 1980). Segments were then 

incubated at 20 °C in glass vials (35 mL) in light (PAR 700 µmol photons m-2 s-1) for 1-2 h and O2 

evolution was measured using an O2 minielectrode (OX500, Unisense A/S, Denmark). Vials without 

leaf tissue served as blanks. Equal volumes of filtered seawater were purged with gaseous N2 to 

bring down the initial pO2 in the water to approximately 10 kPa to reduce possible photorespiration 
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(Pedersen et al. 2011). Then, pH was adjusted with dilute HCl or NaOH to achieve a start pH of 8.2, 

7.8 or 6.7, resulting in CO2aq of 9, 24 and 274 µM, respectively (calculated from CO2sys.xls (ver. 14), 

Pelletier et al. (1997), using dissociation constants of carbonic acid in seawater provided by Millero 

et al. (2006) and a measured mean, initial total alkalinity of 2.3 meq. L-1).  The resulting 9 µM CO2aq 

corresponded to a pre-industrial atmospheric CO2 level of 280 ppm (Zeebe & Wolf-Gladrow 2001), 

24 µM corresponded to an  assumed doubling of present day atmospheric CO2 (800 ppm, Parry et al. 

2007) level in year 2100 and 274 µM as a near CO2aq saturating level (established for freshwater 

macrophytes by Sand-Jensen 1987). The 274 µM corresponds to an atmospheric CO2 of more than 

8000 ppm greatly exceeding the 2000 ppm being the estimated maximum CO2 predicted for the 

atmosphere assuming that all known resources of fossil-fuels were burned before year 2300 

(Caldeira & Wickett, 2003). No organic buffers were used in these experiments to avoid interaction 

with proton pumps located on membranes, which would, if present, acidify the cell walls (Larsson & 

Axelsson 1999; Moulin et al. 2011), but the buffer capacity of HCO3
- naturally present in the 

seawater at a concentration of about 2.0 mM kept bulk medium pH fluctuations below 0.1 pH units 

during incubations (typically below 0.05). 

 

Following measurements of O2 evolution, the projected area of each sample was measured on a 

digital photo using ImageJ (Schneider et al. 2012). Projected area was converted to total (two-sided) 

leaf area by accounting for the leaf perimeters as determined from cross-sections of leaves by light 

microscopy (see below). PN was calculated based on this total, two-sided leaf area. Furthermore, 

fresh mass was recorded before the tissue was flash frozen in liquid N2. Samples were stored at -80 

°C until freeze drying for subsequent chlorophyll analysis (see below). 

 

pH drift experiments 

Long-term incubations were used to test how far PN of each of the nine species at saturating light 

could extract DIC, i.e. to deplete CO2 and HCO3
- and drive up pH (Maberly 1990). The final pH can be 
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used as a crude diagnosis for HCO3
--use e.g., a final pH below 9.0 indicates CO2-use only, whereas a 

final pH above 9.0 is indicative of HCO3
--use in seawater (Maberly 1990). Because the objective was 

to determine the ultimate DIC extraction capacity and maximum upper pH in a standardized way, all 

incubation vials were prepared to have equal amounts of tissues (approximately 3 cm2; 3-fold the 

amount of tissue used in the PN measurements but insufficient to introduce significant self-shading). 

To minimize O2 build up in the water and the risk of excessive photorespiration during extended 

incubation, the initial pO2 of the filtered seawater was reduced to 10 kPa (see above) and a 

headspace of air was left in the bottles during incubations. After incubation in the light for 16-18 h, 

assuming this was an appropriate period for reaching comparable end pH for all species (e.g., 

Madsen et al. 1993), pH was measured directly in the vials using a flat membrane pH electrode 

(LoT403, Mettler-Toledo, U.S.A.) and the alkalinity was determined by Gran titration (Stumm & 

Morgan 1996) to enable estimates of the DIC extraction capacity calculated according to equation 2 

modified from (Maberly & Spence 1983): 

 

                                                                      (eq. 2) 

 

where TA is total alkalinity and DIC is total dissolved inorganic carbon (calculated initially and at the 

end of the incubation from alkalinity and pH). The term ½(TAinit-TAend) corrects for loss of DIC due to 

carbonate precipitation during incubation, where one mole of CO2 is formed for every mole of 

carbonate precipitated and two moles of alkalinity lost.  

 

Inhibition of HCO3
- use 

HCO3
--use in underwater PN can be facilitated by membrane associated CA catalyzing extracellular 

conversion of HCO3
- to CO2 to rapidly obtain equilibrium between CO2 and HCO3

- (external 

conversion, Millhouse & Strother 1986). Moreover, external conversion of HCO3
- to CO2 can be 

achieved by proton pumps acidifying the cell wall spaces and DBL also resulting in conversion of 
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HCO3
- into CO2 (Prins et al. 1980; Walker et al. 1980). In the present study, we used acetazolamide 

(AZ) to inhibit external CA (Beer & Rehnberg 1997; Hellblom & Axelsson 2003) and TRIS 

(tris[hydroxymethyl]aminomethane) as a strong buffer to diminish acidification of the extracellular 

spaces and DBL effectively inhibiting the function of proton pumps (Beer et al. 2002). 

 

The effect on PN of both AZ and TRIS was tested using the approach outlined above for the PN 

measurements. A medium containing 100 µM acetazolamide was prepared from a stock solution of 

20 mM (dissolved in 50 mM NaOH) injected into 1 L of filtered seawater already adjusted to a pO2 of 

10 kPa. Subsequently, pH was adjusted to 8.2. The medium with TRIS was prepared in a similar way 

with a final concentration of TRIS of 50 mM and with pH adjusted to 8.2. Vials with tissue but 

without either of these ‘inhibitors’ and with pH adjusted to 8.2 served as controls (n = 3). 

 

Internal aeration 

Elevated CO2 may lead to enhanced underwater PN resulting in higher O2 production compared to 

ambient (preindustrial) CO2 levels. A proportion of the higher O2 production would diffuse into the 

surrounding water but, depending on internal and external gradients in O2 and resistances to 

diffusion, some of the additional O2 would also diffuse to the below-ground tissues leading to 

enhanced internal aeration of rhizomes and roots (c.f. Winkel et al. 2013). In the present study, we 

used O2 microelectrodes to measure O2 partial pressures (pO2) within the below-ground 

achlorophyllous base of shoots of Z. polychlamys in sediment as a collected turf, while manipulating 

CO2 and light availability around the submerged shoot. 

 

Cores with Z. polychlamys were fixed in a tank (140 L) with filtered seawater (see above) and 

illuminated (photon flux = 225 µmol photons m-2 s-1) with cool fluorescent light (Philips HO967) at 

20°C. Z. polychlamys has 2-3 mm wide and up to 20 cm long leaves. The white achlorophyllous shoot 

bases penetrate 3-5 cm into the sediment and were excavated using a plastic pipette to remove the 
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overlying substrate particles before a microelectrode (tip diameter = 25 µm; OX25, Unisense A/S, 

Denmark) was inserted  200 µm into the tissue, until the pO2 remained relatively constant over a 

distance of 25 µm, using a micromanipulator (MM33, Unisense A/S, Denmark). The exposed portion 

of the shoot base was then again completely covered with sediment and left for a minimum of 2 h to 

allow biogeochemical profiles to re-establish (Pedersen et al. 2004). The O2 microelectrode was 

connected to a pA meter with built-in a/d converter (Multimeter, Unisense A/S, Denmark) and the 

signal was logged at 1 Hz using data acquisition software (Sensortrace Basic, Unisense A/S, 

Denmark). 

 

Following acclimation, shoot base pO2 was measured for 30 min in the light for turfs in seawater at a 

pH of 8.2 corresponding to 9 µM CO2 (Pelletier et al. 1997). Then, CO2 was increased to 24 µM by 

purging the water with pure CO2 using a pH stat (AlphaControl, Dupla Aquaristik, Germany) to 

maintain pH in the water column at 7.8 (24 µM CO2) while recording shoot base pO2 for 45-60 min or 

until a new quasi steady-state had established. Next, pH was lowered even further and maintained 

at 6.7 (274 µM CO2) until pO2 had responded and stabilized at a new level. Finally, shoot base pO2 

was measured in darkness to demonstrate that the O2 increases were photosynthetically-derived 

and enable scaling the relative response to increasing CO2 concentration in the seawater in light. The 

experiment was repeated 3 times with different plants in different turfs within cores. 

 

Light microscopy 

Cross-sections of leaves (youngest fully developed) were taken using a hand microtome and 

analyzed by light microscopy to enable estimation of the surface area to volume ratio (SA:V). 

Segments (10 mm long) of youngest fully developed leaves were placed between two pieces of 

supporting material (Styrofoam) and mounted securely into a specimen holder on the microtome 

(cBaker, London). Cross-sections of about 50 µm thick were taken by sliding a steel blade across the 

microtome surface and cutting the exposed specimen. Transverse sections were mounted in water 



 

 
This article is protected by copyright. All rights reserved. 

and viewed with bright field illumination using a microscope (Axioplan, Universal Microscope, Zeiss, 

Germany) fitted with a digital camera (AxioCam MRc, Zeiss, Germany).   

 

Chlorophyll analysis 

Freeze-dried leaf segments were ground to a fine powder in a ball mill. Chlorophylls were extracted 

in sub-samples (0.060 g leaf tissue) in 100% methanol (1.8 ml) for 3 h, centrifuged (Model 3591, IEC 

Micromax, MA) for 15 min at 1500 rpm, and supernatants were collected, all at 4⁰ C in the dark 

(Porra et al. 1989). Extracts were diluted as required and the absorbance of the extracts was 

measured in a glass cuvette at wavelength of 470, 652.4 and 665 nm using a UV-visible 

spectrophotometer (Model 1601, Shimadzu, Japan). Chlorophyll a and b concentrations were 

calculated using the equations determined for 100% methanol by Wellburn (1994).  

 

Data analysis 

Statistical analyses were carried out with the GraphPad Prism 6 software package (GraphPad 

Software, San Diego, CA, USA). Multiple comparisons were made using one- or two-way ANOVA 

followed by Tukey tests for differences among means or Dunnett’s test to compare means with 

controls. Prior to ANOVA analyses, homogeneity of variance (Bartlett’s test) and normality of 

distributions (Shapiro-Wilk normality test) were tested for all variables. Kruskall-Wallis test followed 

by Dunn’s test was used if variances were not homogeneous or distributions not normal. 

Relationships were tested using Spearman Rank Correlation due to lack of bivariate data normality. 

The significance level was set to α = 0.05. 

 

Results 

Leaf morphology and anatomy 

The nine seagrass species varied considerably in specific leaf area (SLA), SA:V ratio and chlorophylla 

(Chla) concentration (Table 1). SLA ranged from 6.7 m2 kg-1 DM for the large and thick-leaved 
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Posidonia coriacea to 45.5 m2 kg-1 DM for the small, thin-leaved Halophila ovalis. The SA:V ratio 

varied more than 5-fold with low values for species such as P. coriacea and Syringodium isoetifolium 

and high for species such as H. ovalis and Amphibolis antarctica reflecting that small and/or thin-

leaved species have a relatively larger surface area for extraction of inorganic carbon to support 

photosynthesis in a given leaf biomass or volume than larger, thick-leaved species. 

 

Leaf anatomy varied across the nine seagrass species, although all showed a concentration of 

chloroplasts in the epidermis, resulting in a direct relationship between the surface area of the leaf 

and area of photon capture (Fig. 1). Gas-filled lacunae vary in their dominance and development 

among the 9 species. The terete Ruppia megacarpa and Syringodium isoetifolium and the small-

leafed Zostera polychlamys and Amphibolis species, especially A. griffithii, have well developed gas-

filled lacunae surrounded by undifferentiated parenchyma. Halophila leaves had little differentiation 

into tissue types in the leaves due to the two-celled thickness of leaves (Fig. 1), but had significant 

gas-filled lacunae in the leaf petioles and rhizomes (Cambridge et al. 2012). In the Posidonia species 

the lacunae are less clear although still present. The most developed lacunae in this genus were in P. 

australis. Structural rigidity through the development of fibre strands either associated with the 

vascular bundles or present near the edges of the leaf was most developed in the Posidonia species. 

 

Net photosynthesis 

Apparent rates of PN on a dry mass (DM) basis at pre-industrial CO2 levels varied substantially and 

significantly among species (Kruskal-Wallis, p< 0.0001) with highest rates in H. ovalis, Z. polychlamys 

and R. megacarpa, medium rates in A. antarctica, A. griffithii and P. australis and lowest rates in P. 

sinuosa, P. coriacea and S. isoetifolium (Fig. 2). None of the nine species responded significantly to 

elevated CO2 (possible 2100 levels, 24 µM CO2) although there was a tendency for enhanced PN rates 

in seven out of the nine species (Fig. 2). However, all species except Z. polychlamys responded 

significantly with increased PN max when CO2 was at 274 µM, a near- saturating level (single species 
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ANOVA and Tukey tests), suggesting that PN in eight out of nine species would be limited by CO2 

availability at pre-industrial and also at possible 2100 elevated CO2 levels under the experimental 

conditions with high light and gentle mixing. Larger species such as A. antarctica, P. sinuosa and P. 

coriacea responded relatively stronger to saturating CO2 availability than smaller species (e.g. H. 

ovalis and R. megacarpa). 

 

To evaluate the contribution of species-specific differences in exposed leaf surface area (SA: two-

sided) on rates of PN max at saturating CO2 levels, PN rates were calculated on an area basis (Fig. 3). 

Rates were more similar for all species when expressed on a SA basis than on a DM basis (3-fold 

compared to 6-fold differences) reflecting that part of the differences in PN max rates among species 

could be explained by species differences in exposed leaf area (SA) relative to DM. However, 

significant differences remained on an area basis with higher PN max rates for R. megacarpa and 

relatively lower rates for A. griffithii, P. sinuosa and S. isoetifolium (Fig. 3, Dunn’s test).  

 

There were no significant correlations at the 5% probability level between PN max on a DM basis and 

SA:V ratio (Fig. 4a; Spearman, rs=0.2167, one-tailed p = 0.2905) and PN max only tended to correlate 

with SLA (Fig. 4b; rs=0.5333, one-tailed p=0.0738) suggesting that additional factors, such as Chla 

concentration and DIC extraction capacity, could play a role in determining maximum rates of PN. 

However, expressing apparent PN max based upon Chla concentration did not improve correlations 

(Fig. 4c and d). 

 

pH drift experiments 

The pH drift experiments indicated that two species, A. antarctica and A. griffithii, were unable to 

use HCO3
- since end pH was not significantly different from 9.0 (see Materials & Methods; Dunnett’s 

test, Fig. 5a). The remaining seven species were all able to drive end-pH to above 9.0 indicating an 

ability to utilize HCO3
-, but with P. australis as the most proficient HCO3

- user raising end-pH to 9.85. 
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The two Amphibolis species were, despite their apparent lack of ability to utilize HCO3
-, able to 

extract 27.8 and 34.8% of the DIC initially present in the water, and their CO2 compensation points 

were between 1.17 and 0.57 µM (Table 2). For the remaining species, end CO2 concentrations were 

below 0.5 µM driven by the pH increase coupled to HCO3
- utilization. For these species, end HCO3

- 

ranged from 336 to 114 µM and the DIC extraction capacity ranged from 46.8 to 58.4% with P. 

australis having the highest ability to use HCO3
- and extract DIC. Although, PN pre-indust expressed per 

leaf area was relatively low for the two apparent non-HCO3
- users, A. antarctica and A. griffithii, 

there was no significant correlation between PN pre-indust rate (area basis) and end pH (Fig. 5b; 

Spearman correlation, rs = 0.32, p = 0.21). 

 

Inhibition of HCO3
- use 

To test for species ability to utilize HCO3
- by acidifying the DBL around leaves and/or by extracellular 

CA, we added TRIS or AZ, respectively, and tested for reduced rates of PN pre-indust compared to rates 

in seawater without either of these ‘inhibitors’ (Fig. 6). Addition of TRIS significantly reduced PN pre-

indust in all species with three exceptions of H. ovalis, A. antarctica and S. isoetifolium (Kruskal-Wallis; 

Dunnett’s test for individual species with seawater as control, Fig. 6) reflecting that these three 

species apparently had no or low capacity for acidifying the DBL. The PN pre-indust of these three species 

did not respond significantly to additions of AZ, suggesting a lack of extracellular CA (Fig. 6). P. 

coriacea was the only other species that did not respond significantly to addition of AZ and so was 

also deemed to lack extracellular CA, although P. coriacea did respond to addition of TRIS indicating 

DBL acidification as a mechanism in this species. 

 

Internal aeration 

Internal aeration was measured as pO2 at quasi steady state in the buried achlorophyllous shoot 

base of Z. polychlamys when the shoots were in seawaterat saturating light; shoot base  tissue pO2 

responded significantly to increasing CO2aq (one-way ANOVA, p<0.001; Tukey test p<0.05; graphic 
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presentation shown in Supporting Information, Fig. S1). The tissue pO2 increased moderately but 

significantly from 30.3 ± 0.5 kPa (mean ± 95% CL) at the pre-industrial CO2 level to 32.8 ± 1.6  kPa at 

the possible year 2100 CO2 level. At saturating CO2, the tissue pO2 was 39.2 ± 2.2 kPa and 

significantly higher than at the two lower CO2 levels. Hence, in light, internal aeration depended 

directly on external CO2 availability supporting higher rates of PN. 

 

Discussion 

Seagrasses are often carbon limited (Beer et al. 2002; Koch et al. 2013; Larkum et al. 1989) and 

several authors have speculated on possible increased DIC acquisition by seagrasses as atmospheric 

CO2 rises. Accordingly, we expected that increasing CO2aq would enhance PN of all nine seagrass 

species. Our study, however, shows that increases in CO2 from pre-industrial to 2100 projected 

concentrations likely will have only limited impact on PN of temperate Australian seagrass species. 

Although there was a tendency for some species, such as Z. polychlamys and S. isoetifolium, to 

increase PN when raising CO2 aq from pre-industrial (9 µM CO2) to an expected 2100 level (24 µM), 

none of the increases were significant likely because of the high variance. 

 

Eight out of the nine seagrass species (Z. polychlamys was the exception although changes in internal 

aeration with increasing CO2 aq were significant likely because variance in measurements of PN was 

higher than for internal aeration) exhibited increased PN rates as a response to raising CO2 aq to near 

CO2 saturation levels (274 µM) at which we assessed the potential maximum net photosynthetic 

rates (PN max). The eight species seemed to respond with different strength to near-saturating CO2 aq 

reflected by different ratios of PN max:PN preindust (range from 1.6 to 3.7, Table 3), implying that 

increasing pCO2 may change resource competition among species if co-occurring in mixed beds. Our 

finding of DIC limitation of PN is consistent with what is often reported for seagrasses worldwide 

(e.g., Beer et al. 2002; Koch et al. 2013; Larkum et al. 1989).  Seagrasses evolved in a high CO2 world 

60 to 100 million years ago (Orth et al. 2006), when atmospheric CO2 exceeded 2000 ppm and total 
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alkalinity exceeded 3500 µequiv. L-1 (Pearson & Palmer 2000) which would give concentrations of 

CO2aq of around 65 µM. Although atmospheric pCO2 levels were even lower during the Miocene 

(Pearson & Palmer 2000),  the pre-industrial CO2 of 280 ppm is among the lowest ever recorded, 

thus it is not surprising that seagrasses are C limited. 

 

Photosynthetic rates followed an allometric relationship among species when expressed on a dry 

mass basis. Photosynthetic rates were generally high for the small species with low shoot weight, H. 

ovalis, Z. polychlamys and R. megacarpa, and lower for the remaining larger species, agreeing with 

the negative correlation between leaf productivity to biomass ratio and shoot weight found for a 

larger compilation of seagrass species (Duarte 1991). The inter-species variation was markedly 

reduced when PN max was calculated on a leaf surface area basis (Fig. 3), reflecting that differences in 

the leaf area available for DIC uptake accounted for a substantial part of species-specific differences 

in PN max under DIC saturating conditions. Although there was a tendency for PN max to be positively 

correlated to SLA, correlations were not significant suggesting that inorganic carbon limitation was 

not solely related to exposed leaf surface area and surface transport processes but could also 

depend on within-tissue processes such as light harvesting and photosynthetic biochemistry. 

However, expressing PN max on a Chla basis did not explain differences in PN rates.  All species had Chla 

densities great enough to capture more than 80% of incident light, so further increases in Chla 

concentrations would only marginally improve light harvesting (Agustí et al. 1994). As such, further 

variation in PN rates between seagrass species is likely due to biochemical/physiological differences 

that would require more research to elucidate. 

 

According to the pH drift experiments, seven of the nine seagrass species (A. antarctica and A. 

griffithii were exceptions) were able to utilize HCO3
- and extract more than 40% of the total DIC 

present in the incubation bottles (Fig. 5, Table 2). P. australis seemed to be the most proficient HCO3
- 

user, being able to raise pH to 9.85; however well below what a number of green and brown 
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macroalgae can achieve (Maberly, 1990). A. griffithii did not use HCO3
- in the pH drift experiment. 

However, TRIS and AZ significantly inhibited PN in A. griffithii, implicating an ability to acidify the DBL 

and activity of extracellular CA to catalyse HCO3
- conversion, both considered characteristics of HCO3

- 

use (Fig. 6, Table 3). Hence, A. griffithii may possess a reduced capacity to use HCO3
- that was not 

differentiated in our pH drift experiment. A. antarctica showed no signs of HCO3
- utilization with low 

end pH and no significant effects on PN of TRIS nor of AZ addition. A. antarctica also responded more 

strongly to saturating CO2aq than A. griffithii (PN max/PN pre-indust = 3.4 and 2.0, respectively). 

 

The temperate Australian seagrass species have diverse HCO3
- utilization strategies including 

acidification of DBL and/or extracellular CA, or intracellular conversion. Our experiments using 

‘inhibitors’ (TRIS or AZ) confirm earlier proposed models of HCO3
- utilization mechanisms (e.g. Beer 

et al. 2002; Hellblom & Axelsson 2003; Larkum et al. 1989). We identified A. antarctica as a non-

HCO3
- user since this species did not respond to addition of TRIS nor AZ and was not able to raise end 

pH above 9.0. H. ovalis and S. isoetifolium neither responded to addition of TRIS nor AZ but raised 

end pH significantly above 9.0 (Table 3), suggesting that these two species were able to take up 

HCO3
- and intracellularly convert HCO3

- to CO2 and release OH- to the water without acidifying the 

DBL and without producing extracellular CA (Beer et al. 2002). P. coriacea responded to addition of 

TRIS but not to AZ which could indicate that HCO3
- utilization in this species relies on acidification of 

the DBL but without extracellular CA. HCO3
- utilization of the remaining five species seemed to 

involve both DBL acidification and extracellular CA. Potentially, C4 photosynthesis could create more 

effective DIC utilization (Koch et al. 2013). It is not clear how many of the nine seagrass species 

examined here have actually been tested for C4 characteristics, but to our knowledge, none of the 

species have been reported to have C4 characteristics. This study of inorganic carbon utilization adds 

7 new species to our existing understanding of 19 of the 72 known species of seagrass (Koch et al. 

2013), and triples our understanding of carbon utilization by temperate species. A new genus was 

studied (Amphibolis) that either does not utilize (A. antarctica) or has poor utilization of HCO3
- (A. 
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griffithii); similarly poor HCO3
- use has only been reported in 3 sub-tropical/tropical species: 

Thalassia hemprichii, Thalassia testudinium and Thalassodendron ciliatum (Enriquez & Rodriguez-

Roman 2006; Uku et al. 2005).  

 

Elevated CO2aq significantly increased internal pO2 within the buried achlorophyllous shoot base of Z. 

polychlamys when shoots were in light. Accordingly, increasing CO2aq supported higher PN and this 

enhanced internal aeration of tissues during daylight. Internal pools of O2 which build up during the 

day are relatively small and cannot support night time respiration substantially (Borum et al. 2005), 

but stimulated internal aeration may better support aerobic respiration in long roots allowing 

deeper sediment penetration of roots and potentially also enhance sulphide detoxification in the 

seagrass rhizosphere by radial O2 loss from the roots, at least during the day-time (Connell et al. 

1999; Pedersen et al. 2004). Thus, elevated CO2aq concentrations may have physiological and 

ecological benefits in addition to increasing PN. 

 

Seagrass PN was CO2 limited at pre-industrial and predicted 2100 levels relative to PN max near CO2aq 

saturation levels. The limitation is likely attributed solely to availability of CO2aq because most 

species exhibited relatively effective HCO3
- use and because differences in the availability of HCO3

- 

were small among the three scenarios. Similarly, Invers et al. (2001) found that photosynthesis of 

four very different seagrass species (Posidonia oceanica, Cymodocea nodosa, Zostera marina and 

Phyllospadix torreyi) were HCO3
- saturated at HCO3

- concentrations of 1 to 1.5 mM or well below the 

1.7-1.9 mM found in most seawaters. This means that seagrasses are not more limited by HCO3
- 

availability than the macroalgae they may be competing with (Beer et al. 2002), in contrast to earlier 

conclusions (Beardall et al. 1998; Beer & Koch 1996; Short & Neckles 1999).  

 

In the majority of the temperate south-western Australian seagrass species PN was clearly limited by 

CO2aq at both pre-industrial and year 2100 atmospheric CO2 levels and their PN max varied at the 
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highest CO2aq.  Continued increases in atmospheric CO2 will most likely enhance PN differently among 

these co-occurring species, affecting competition for other resources, and potentially changing the 

structure and species dominance in these mixed species meadows. CO2 limitation only occurs at or 

close to light saturation (Invers et al. 2001; Palacios & Zimmerman 2007; Sand-Jensen et al. 2007), 

and, therefore, recruiting seedlings and sparsely vegetated seagrass beds with low shoot density 

that occur in shallow waters under near saturating light will profit the most from increasing CO2 aq 

availability. Densely vegetated seagrass communities are self-shaded and generally light limited with 

only uppermost parts of leaves experiencing light saturation (Sand-Jensen et al. 2007). Therefore, we 

predict, that increasing atmospheric pCO2 and CO2aq will, however, have smaller effects on future 

seagrass performance and species competition than could immediately be expected from 

experiments on leaf-level PN conducted under light saturation at constant temperature.  
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Table 1 

List of the nine species of seagrasses sampled near Carnac and Mewstone Islands or from the 

Swan River (R. megacarpa only), south-west Australia, and associated leaf characteristics used 

to scale underwater photosynthesis. Parameters shown are specific leaf area (SLA), surface 

area to volume ratio (SA:V), fresh mass to dry mass ratio (FM:DM) and chlorophylla 

concentration (Chla). All measurements were taken on the youngest fully developed leaf after 

cleaning off epiphytes, if present. Values are means ± SE (n is given within the table). Letters 

indicate statistical differences among species (Kruskal-Wallis, Dunn’s test, p<0.05). 

Species SLA (m2 kg-1 DM) SA:V 

(µm-1) 

FM:DM (g FM g-1 

DM) 

Chla (mg g-1 DM) 

Halophila ovalis 45.5 ± 2.0 (17)a 0.0142 5.19 ± 0.24 (17)abc 7.61 ± 0.42a (15) 

Zostera 

polychlamys 

27.9 ± 1.3 (25)ab 0.0103 4.71 ± 0.15 (25)bc 3.28 ± 0.14c (25) 

Ruppia 

megacarpa (Swan 

River) 

15.2 ± 0.7 (17)cd 0.0073 5.35 ± 0.21 (17)ab 2.36 ± 0.16d (17) 

Amphibolis 

antarctica 

20.5 ± 1.7 (15)abc 0.0194 2.98 ± 0.23 (11)d 3.23 ± 0.24c (15) 

Amphibolis 

griffithii 

14.9 ± 0.4 (16)cd 0.0099 3.27 ± 0.09 (17)d 2.60 ± 0.22d (17) 

Posidonia 

australis 

17.6 ± 0.4 (25)cd 0.0071 4.53 ± 0.11 (25)bc 3.68 ± 0.20bc (25) 

Posidonia sinuosa 19.5 ± 0.6 (17)bc 0.0116 4.03 ± 0.16 (17)cd 2.97 ± 0.25c (17) 

Posidonia 

coriacea 

6.7 ± 0.2 (27)e 0.0036 4.51 ± 0.08 (27)bc 1.96 ± 0.09d (27) 

Syringodium 

isoetifolium 

13.4 ± 0.4 (15)d 0.0024 8.49 ± 0.12 (15)a 3.77 ± 0.18ab (15) 
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Table 2. Abilities of nine species of seagrass from south-west Australia to extract DIC and use 

bicarbonate as examined by pH drift experiments with initial concentrations of DIC = 2072 µM, 

bicarbonate = 1873 µM and CO2aq = 13 µM. End DIC, concentrations of bicarbonate and CO2aq 

and the calculated DIC extraction in % of initial DIC after 16 h of photosynthesis by leaf 

segments in continuous and saturating light at 20 °C. Values are means ± SE (n = 2-4). 

 

  

End DIC 

µM 

 

HCO3
- 

µM 

 

CO2aq 

µM 

 

DIC extraction 

% 

Halophila ovalis 1087 ± 43 336 ± 54 0.11 47.6 ± 2.0 

Zostera polychlamys 920 ± 43 161 ± 3 0.02 55.2 ± 0.2 

Ruppia megacarpa 836 ± 24 165 ± 12 0.03 54.3 ± 0.4 

Amphibolis antarctica 1344 ± 18 713 ± 30 0.57 34.8 ± 1.4 

Amphibolis griffithii 1485 ± 35 943 ± 51 1.17 27.8 ± 1.3 

Posidonia australis 843 ± 6 114 ± 1 0.01 58.4 ± 0.1 

Posidonia sinuosa 912 ± 26 161 ± 20 0.03 55.4 ± 1.1 

Posidonia coriacea 1021 ± 25 307 ± 42 0.09 46.8 ± 1.4 

Syringodium isoetifolium 938 ± 14 169 ± 9 0.03 54.8 ± 0.3 
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Table 3: Summary table detailing seagrass species responses to increases in CO2aq concentrations and 

methods of HCO3
- utilization. Ratio between PN max measured at near saturation CO2aq concentrations 

(pH 6.7; 274 µM CO2aq) and PN pre-indust (pH 8.2; 9 µM CO2aq) and indication of whether rates of PN max 

were significantly higher than PN pre-indust (one-way ANOVA, Tukey test, p<0.05) for each species. 

Species identified as able to extract HCO3
- using acidification of diffusive boundary layer (DBL) and/or 

extracellular carbon anhydrase. 

 

Species 
PN max/PN pre-indust  

ratio 

Increased PN at 
pre-industrial  
CO2aq level? 

HCO3
- user? 

Acidification 
of DBL? 

Extracellular 
carbonic 

anhydrase 
production? 

Halophila  
ovalis 

1.6 Yes Yes 
No – likely 

intracellular 
conversion 

No 

Zostera 
polychlamys 

1.4 No Yes Yes Yes 

Ruppia 
megacarpa 

1.6 Yes Yes Yes Yes 

Amphibolis 
antarctica 

3.4 Yes No No No 

Amphibolis 
griffithii 

2.0 Yes ? Yes Yes 

Posidonia 
australis 

1.7 Yes Yes Yes Yes 

Posidonia 
sinuosa 

3.0 Yes Yes Yes Yes 

Posidonia 
coriacea 

3.7 Yes Yes Yes No 

Syringodium 
isoetifolium 

3.4 Yes Yes 
No – likely 

intracellular 
conversion 

No 
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Figure 1. Cross sections of the lamina of nine seagrass species listed from left to right according to 

increasing underwater net photosynthesis at saturating CO2 (based on Figure 2). C = chlorenchyma, L 

= lacunae and V = vascular bundles. The nine seagrass species were sampled from south-western 

Australia. Cross sections were taken half way up the youngest fully expanded leaf on fresh tissues 

and studied under 10X magnification. 
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Figure 2. Net photosynthetic rates (PN in nmol O2 g
-1 DM s-1) of leaves of the nine seagrass species 

from south-west Australia measured at CO2 availabilities (means ± SE, n = 3-8) corresponding to pre-

industrial CO2 (pH 8.2 and 9 µM CO2aq), elevated CO2 (potential 2100-level, pH 7.8 and 24 µM) and a 

CO2 level to support near-maximum photosynthetic rates (PN max; pH 6.7 and 274 µM). 

Measurements were conducted at 700 µmol photons m-2 s-1 PAR and 20 °C. Letters indicate 

statistical differences among CO2 levels within species (one-way ANOVA, Tukey test, p<0.05). 
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Figure 3. Maximum net photosynthetic rates on an area basis measured at CO2aq of 274 µM (pH=6.7) 

of nine seagrass species (means ± SE, n = 5). Letters indicate statistical differences among species 

(Kruskal-Wallis, Dunn’s test, p<0.05). 
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Figure 4. Maximum net photosynthetic rates measured at CO2aq of 274 µM (pH=6.7) of nine seagrass 

species versus surface area to volume ratio (SA:V) and specific leaf area (SLA). Photosynthetic rates 

were expressed per dry mass (panels a and b) and per chlorophylla concentration (panels c and d). 

None of the correlations were significant at a significance level of 0.05. 
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Figure 5. a) End pH of nine seagrass species obtained during pH-drift experiments (means ± SE, n = 4-

7). The stippled line at pH 9 indicates the limit above which species are identified as HCO3
- users. b) 

Rates of PN pre-indust (area basis) versus end pH. Open symbols are the two species, A. antarctica and 

A. griffithii, which did not raise end pH above 9.0, the value considered to indicate use of HCO3
- 

(Maberly 1990).  
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Figure 6. Net photosynthetic rates (PN nmol O2 g
-1 DM s-1) in leaves of nine different seagrass species 

after addition to seawater of TRIS-buffer (TRIS) and acetazolamide (AZ) compared to unchanged 

seawater (Control) (means ± SE, n = 3). Letters indicate statistical differences between the effects of 

AZ and TRIS within species (one-way ANOVA, Dunnett’s test p<0.05).  

 

 


