
 

 

Response to Reviewers for “Key biogeochemical factors affecting soil carbon storage 1 

in Posidonia meadows” by Serrano et al. We would like to thank the Reviewers for 2 

their efforts and comments, which have improved the manuscript. Please find below a 3 

detailed response to each of the issues raised and the changes made in the manuscript. 4 

 5 

Anonymous Referee #1 6 

Comment 1:  7 

A question of semantics – but the manuscript uses a combination of “soils”’ and 8 

“sediments” to refer to the substrate in these seagrass beds or to processes (e.g., 9 

sediment accumulation). Considering these are subtidal marine ecosystems, I would 10 

be strongly in favour of using the term “sediments” consistently – while it may be a 11 

case of preference I feel the use of “sediments” is much more widely accepted in the 12 

seagrass/marine community, and in any case there should be consistency throughout 13 

the manuscript. 14 

Response to comment 1:  15 

The definition of the substrate where seagrasses grow is a hot topic among scientists. 16 

Despite marine ecologists broadly refer to seagrass sediments, this it is not necessarily 17 

correct. Serrano et al (2012) attempted to classify Posidonia substrates using existing 18 

keys of soil taxonomy, and conclude that seagrass substrates meet perfectly the 19 

requirements for sediments to be considered a soil. They classified shallow substrates 20 

in which Posidonia meadows grow as Limnic Subaquatic Histosols (Calcaric, Eutric). 21 

More recently, Kristensen & Rabenhorst (2015) addressed this debate, and concluded 22 

that both soil and sediment terms could be used depending on the context. Although 23 

further research would be needed for a more robust characterization of seagrass 24 

subaqueous soils, we consider that they should be termed soils (an extensive 25 

discussion on this topic can be found in Serrano et al. (2012)). Therefore, in the 26 

manuscript we referred to seagrass substrates as ‘soils’ and bare sediments as 27 

‘sediments’. We added one sentence in the introduction to highlight this topic: 28 

Text added (L458-461): “The substrate where seagrasses grow meet the requirements 29 

for sediment to be considered a soil (Serrano et al. 2012), despite marine ecologists 30 

broadly refer to seagrass substrates as sediments (Kristensen & Rabenhorst, 2015).” 31 

We have retained the term “soil” and changed the term “sediment accumulation rate” 32 

to “soil accumulation rate” throughout the manuscript.  33 

References: 34 



 

 

Serrano, O., Mateo, M. A., Renom P. and Julià R.: Characterization of soils beneath a 35 

Posidonia oceanica meadow, Geoderma, 185-186, 26–36, 2012. 36 

Kristensen, E., Rabenhorst, M.C., 2015. Do marine rooted plants grow in sediment or 37 

soil? A critical appraisal on definitions, methodology and communication. Earth-38 

Science Reviews 145, 1-8. 39 

 40 

Comment 2:  41 

Reference is made to plant biomass and productivity data at the same site – while I 42 

have not checked if the actual depths of the individual sampling sites match, it would 43 

be good to make more direct use of these data to support some of the conclusions 44 

summarized in Figure 6.  45 

Response to comment 2: 46 

Collier et al. (2007) showed significant variation in plant biomass and productivity 47 

across the same depth gradient, matching the depths of coring sites in this study. We 48 

included further comparisons between this study and Collier et al. (2007) in the 49 

Discussion to support our conclusions: 50 

Text added (L758-761): “These authors reported 18-24 fold reductions from shallow 51 

(2 m) to deep (8 m) P. sinuosa meadows in shoot density (from 1435 to 80 shoots m-52 
2), aboveground biomass (from 899 to 47 g DW m-2) and belowground biomass (from 53 

1028 to 43 g DW m-2) on the same depth gradient.” 54 

References: 55 

Collier, C.J., Lavery, P. S., Masini, R. and Ralph, P.: Morphological, growth and 56 

meadow characteristics of the seagrass Posidonia sinuosa along a depth-related 57 

gradient of light availability, Mar. Ecol. Prog. Ser., 337, 103–115, 58 

doi:10.3354/meps337103, 2007. 59 

 60 

Comment 3:  61 

The acidification procedure deserves some discussion, as the procedure used may 62 

result in partial loss of soluble organic C due to the centrifugation and rinsing steps. 63 

There is quite a bit of literature discussing/comparing different acidification methods 64 

for sediments (fumigation versus in situ acidification in silver cups versus acid 65 

treatment + rinsing) and it would be good to at least refer to this and caution that 66 

%OC data might be a slight underestimate.  67 

Response to comment 3: 68 



 

 

We agree that the pretreatment procedures used to remove inorganic carbon before 69 

organic carbon analysis could lead to an underestimation of organic carbon contents. 70 

To reduce the loss of soluble organic carbon we only rinsed the samples once. To our 71 

best knowledge, the method used in our study is the most commonly used, despite its 72 

limitations. Acid-fumigation was not used based on previous experiences, i.e. 73 

incomplete digestion of carbonates in samples with 80+% carbonate content. In the 74 

Materials and methods section, we have added a sentence to highlight this issue: 75 

Text added (L565-568): “Samples were acid-rinsed to ensure complete removal of 76 

inorganic carbon (i.e. carbonates) before Corg analysis, despite this procedure may 77 

lead to an underestimation of soil Corg stocks (Phillips et al. 2011; Brodie et al. 78 

2011).” 79 

References: 80 

Brodie, C.R., Leng, M.J., Casford, J.S.L., Kendrick, C.P., Lloyd, J.M., Yongqiang, Z. 81 

and Bird, M.I., Evidence for bias in C and N concentrations and δ13C composition of 82 

terrestrial and aquatic organic materials due to pre-analysis acid preparation methods. 83 

Chem. Geol., 282, 67–83, 2011. 84 

Phillips, S.C., Johnson, J.E., Miranda, E. and Disenhof, C. Improving CHN 85 

measurements in carbonate-rich marine sediments. Limnol Oceanogr-Meth., 9, 194–86 

203, 2011. 87 

 88 

Comment 4: 89 

Page 18920, line 9-10: “were they were found”: were found 90 

Response to comment 4:  91 

Corrected as suggested (L594). 92 

 93 

Comment 5:  94 

The differences/similarities with a similar study at the same site (Serrano et al. 2014, 95 

GBC) should be clarified. They are from the same depth gradient – but are they 96 

different sites, different sampling periods? This should be mentioned explicitly. Also, 97 

differences in some of the results should be mentioned, e.g. the OC accumulation 98 

rates appear to be much higher in the current ms for the 2 and 4 meter depth sites than 99 

in the Serrano et al. (2014) paper – these are aspects that need to be elaborated on.  100 

Response to comment 5: 101 



 

 

This manuscript is based on the same cores studied in Serrano et al. (2014), but new 102 

variables were analyzed in these cores (i.e. 210Pb dating, sediment grain-size, stable 103 

carbon isotopes in organic matter) to provide new insights into the factors driving 104 

differences in organic carbon storage along a depth gradient. We also studied all 105 

variables in a new core sampled in bare sediment within the area of study. Differences 106 

in organic carbon stocks and accumulation rates between this and the previous study 107 

(Serrano et al. 2014) are related to new age-depth models obtained in the cores (i.e. 108 

based on 210Pb dating). Serrano et al. (2014) estimated organic carbon storage based 109 

on soil thickness (top meter stocks). In this manuscript we argue that in order to 110 

assess differences and compare organic carbon storage between meadows it is 111 

necessary to normalize organic carbon stocks by a period of accumulation, rather than 112 

soil depth as commonly used and that it is important to clearly state the period of 113 

accumulation to which the estimates refer (i.e. the larger estimates of organic carbon 114 

storage over 100 years compared to 500 years are related to the decomposition of 115 

organic carbon with ageing). Therefore, we present the results and develop the 116 

discussion accordingly to the period of accumulation (210Pb-derived, short-term, last 117 

100 years; and 14C-derived, long-term, last 500 years). We included a paragraph in the 118 

Discussion to clarify the differences between this and the previous study (Serrano et 119 

al. 2014): 120 

Text added (L738-751): “The findings from this study are consistent and complement 121 

earlier findings by Serrano et al. (2014). The analyses of new variables in the same 122 

cores (i.e. 210Pb dating, sediment grain-size, stable carbon isotopes in organic matter) 123 

provided new insights into the factors driving differences in Corg storage along a depth 124 

gradient. We also compare the biogeochemical characteristics of seagrass soils with 125 

adjacent bare sediments. Differences in Corg stocks and accumulation rates between 126 

this and the previous study (Serrano et al. 2014) are related to the new age-depth 127 

models obtained in the cores (i.e. based on 210Pb dating). The results obtained lead us 128 

to conclude that in order to assess differences and compare Corg storage between 129 

seagrass habitats it is recommended to normalize Corg stocks by a period of 130 

accumulation (Rozaimi et al. 2016), rather than soil depth as commonly used (e.g. 131 

Serrano et al. 2014). Therefore, we present the results and develop the discussion 132 

according to the period of accumulation (210Pb-derived, short-term, last 100 years; and 133 
14C-derived, long-term, last 500 years).”   134 

References: 135 



 

 

Serrano, O., Lavery, P. S., Rozaimi, M. and Mateo, M. Á., 2014: Influence of water 136 

depth on the carbon sequestration capacity of seagrasses, Global Biogeochemical. 137 

Cycles, 28(9), 950-961.  138 

Rozaimi, M., Lavery, P.S., Serrano, O. and Kyrwood, D., 2016. Long-term carbon 139 

storage and its recent loss in an estuarine Posidonia australis meadow (Albany, 140 

Western Australia). Estuar. Coast. Shelf S., 171, 58–65.  141 

 142 

Comment 6:  143 

Tables 1 and 3: report d13C data with one decimal only, given the analytical 144 

uncertainty on measurements.     145 

Response to comment 6: 146 

Corrected as suggested (Tables 1 and 4) 147 

 148 

Anonymous Referee #2 149 

Comment 1:  150 

Depth profiles. Am I right in assuming that data reported for sediment properties and 151 

Corg are depth integrated values for each site? (maybe this needs better explaining in 152 

the methods). If this is so, then it changes interpretations of these contributions across 153 

the water depth gradient. I am curious to know whether the contributions of seston 154 

and seagrass varied with depth in the sediment profiles. I would suspect that the 155 

relative contribution of seston would decrease with depth in the sediment as it is 156 

generally more labile than seagrass detritus. The result of more seston detritus across 157 

the water depth gradient is generally consistent with our observations, and most likely 158 

relates to reductions in bed stress with depth.  159 

Response to comment 1: 160 

The data reported in Table 1 correspond to average ± SE values normalized for ca. 161 

500 years old deposits. In Table 3 we reported averaged data for short-term (100 162 

years) and long-term (500 years) periods. Table 4a reports averaged data on δ13C 163 

signatures of living material analyzed in this study (at each of the four depths studied) 164 

plus ‘seston’ values from the literature. In Figure B (Supporting Information) we 165 

presented the trends with age (i.e. depth in the substrate) of the variables studied, 166 

including δ13C. Individual mixing models to determine the contribution of potential 167 

organic carbon sources into seagrass soils were run for each core (i.e. over 100 and 168 

500 years of accumulation) to obtain average contributions over the period 169 



 

 

reconstructed. However, we did not run multiple mixing models at each soil depth 170 

within each core. We clarified all above in the Materials and methods section: 171 

Text added (L622-625): “The data reported for seagrass soil properties at different 172 

water depths and bare sediments (Average ± SE) were normalized for ca. 100 and/or 173 

500 years old deposits (specified in each case).” 174 

It would be possible to run multiple mixed models for each depth (cm) within each 175 

core (or for 100 years and 500 years of accumulation) to determine the percentage 176 

contribution of autochthonous (plant detritus) and allochthonous (seston, 177 

algae+epiphytes) organic carbon sources into the soil organic carbon pool over 178 

different time scales, thereby providing some insights on the relative preservation of 179 

autochthonous vs. allochthonous sources. However, we dismissed this option mainly 180 

because of the assumptions involved with this approach and its complexity (e.g. lack 181 

of fractionation of δ13C signatures during diagenesis, impact of European settlement 182 

on organic matter inputs, etc.). Despite agreeing with the hypothesis raised by Referee 183 

#2 in regards to the likelihood of rapid decomposition of allochthonous organic matter 184 

compared to the more recalcitrant detritus of seagrass, we consider that addressing 185 

this hypothesis is very complex and not possible in this study due to the large 186 

assumptions involved. The results obtained (shown in Table 4a) are consistent with 187 

previous observations made by referee #2 in the field, i.e. increase in the contribution 188 

of seston detritus across the water depth gradient. The assumptions linked to our study 189 

have been mentioned in the manuscript:  190 

Text added (L43-645): “We did not consider any fractionation (0 ± 0‰) in the model 191 

because previous studies suggest small diagenetic shifts for δ13C during 192 

decomposition (Zieman et al. 1984; Mateo et al. 2010). “ 193 

 194 

Comment 2:  195 

Comparison with one bare sediment "control". OK, I'm a biogeochemist and am not 196 

too picky about ecologist-style statistical designs, but one core taken from one bare 197 

sand site 2km away? Can the authors at least provide some justification why this is 198 

adequate (e.g. can they confirm that there is absolutely no variation in sediment 199 

properties according to depth or location).   200 

Response to comment 2: 201 

It was difficult or impossible to find a ‘pure control’ (as per ecological definition) for 202 

this study. Shallow unconsolidated substrates should be occupied by seagrasses unless 203 



 

 

there is a biogeochemical reason(s) that precludes their settlement. The reasons could 204 

range from anthropogenic disturbance to hydrodynamic energy. In our case, the 205 

control site was chosen based on: the absence of seagrass in this area at least since 206 

1960s (Kendrick et al. 2002); similar waters depths (4 m); and the low likelihood of 207 

seagrass detritus from surrounding meadows being exported and accumulated in the 208 

area based on hydrodynamic knowledge of the area. 209 

Despite the factors considered above, the site chosen still cannot be considered a 210 

‘pure control’ but a reference core for comparison. For instance, the inclusion of this 211 

bare core strengthened our conclusions related to the importance of grain-size (i.e. 212 

fine sediments) and seagrass inputs (based on δ13C values) on organic carbon storage. 213 

We understand that the term “control core” may be misleading and we have replaced 214 

it by “reference core” throughout the manuscript. Changes in the manuscript have 215 

been made to highlight the limitations stated above in both the methodology and 216 

Discussion sections: 217 

Text added in the Materials and methods section (L532-539): “It was difficult or 218 

impossible to find a ‘pure control’ (as per ecological definition) for this study. 219 

Shallow unconsolidated substrates in the study area should be occupied by seagrasses 220 

unless anthropogenic disturbances or hydrodynamic energy preclude so. In our case, 221 

the reference site was chosen based on the absence of seagrass at least since 1960s 222 

(Kendrick et al. 2002), similar water depth (4 m), and the low likelihood of seagrass 223 

detritus from surrounding meadows being exported and accumulated in the area.”  224 

Text added in the Discussion section (L835-838): “Despite the limitations involved in 225 

using bare sediments as reference sites (e.g. inherent biogeochemical differences that 226 

preclude the settlement of seagrasses in bare sediments), the results suggest that Corg 227 

stocks and accumulation rates are much higher in seagrass meadows than in adjacent 228 

bare sediments.” 229 

References  230 

Kendrick, G. A., Aylward M. J., Hegge B. J., Cambridge M. L., Hillman K., Wyllie 231 

A. and Lord D. A.: Changes in seagrass coverage in Cockburn Sound, Western 232 

Australia between 1967 and 1999, Aquat. Bot., 73, 75–87, 2002. 233 

Skene, D., Ryan, D., Brooke, B., Smith, J., Radke, L.: The Geomorphology and 234 

Sediments of Cockburn Sound. Geoscience Australia, Record 2005/10, 2005. 235 

 236 

Comment 3:  237 



 

 

Biogeochemical factors. The manuscript has one stated aim to "highlight key 238 

biogeochemical factors affecting Corg storage in seagrass soils that need to be 239 

accounted for when attempting to produce regional or global estimates of Corg storage 240 

in seagrass meadows". Unfortunately, there are no real measures of indicators of these 241 

factors made, and the discussion around potential factors is sometimes fairly vague 242 

(e.g. page 18925 lines 25 – 30).  243 

Response to comment 3: 244 

The relative importance of the biogeochemical factors identified in this study (i.e. 245 

hydrodynamic energy, sediment accumulation rates, fine sediment content, water 246 

depth, seagrass net primary production and density) in driving Corg storage was not 247 

addressed, but rather we discussed the reasons why they can play a role in driving 248 

organic carbon storage and highlight potential interactions among them. 249 

Understanding the factors controlling Corg storage in seagrasses is at its onset, and a 250 

much better understanding (e.g. field and lab detailed studies addressing each factor) 251 

are required before being able to disentangle the relative role/importance of each 252 

factor identified and synergistic and/or antagonistic interactions among them. We 253 

address this in the last paragraph of the Discussion: 254 

Text added (L852-859): “The relative importance of the biogeochemical factors 255 

identified in this study (e.g. hydrodynamic energy, sediment accumulation rates, fine 256 

sediment content, water depth, seagrass net primary production and density) in 257 

driving Corg storage was not addressed, but rather we discussed the reasons why they 258 

can play a role in driving organic carbon storage and highlight potential synergistic 259 

and/or antagonistic interactions among them. Understanding the factors controlling 260 

Corg storage in seagrasses is at its onset, and a much better understanding is required 261 

before being able to disentangle the relative role/importance of each factor.” 262 

 263 

Comment 4:  264 

Morphological factors. I feel it is a shame that the authors didn't measure any 265 

morphological attributes of the seagrass across the depth gradient, since much is made 266 

about the effect of these attributes in both trapping seston and contributing to the Corg 267 

pool. I understand that the authors refer to previous work at the site by C. Collier, but 268 

maybe it would be useful to reproduce a more detailed summary of seagrass 269 

morphology from this work than what is provided (e.g. page 18925 lines 4 - 5). This 270 



 

 

would make it much easier to relate the results of this study to other systems and 271 

seagrass species around the world.  272 

Response to comment 4: 273 

Adjustments to the discussion have been made to include more detailed comparisons 274 

with data reported by Collier et al. (2007 and 2008) and existing literature: 275 

Text added (L758-761): “These authors reported 18-24 fold reductions from shallow 276 

(2 m) to deep (8 m) P. sinuosa meadows in shoot density (from 1435 to 80 shoots m-277 

2), aboveground biomass (from 899 to 47 g DW m-2) and belowground biomass 278 

(from 1028 to 43 g DW m-2) on the same depth gradient.” 279 

Text added (L765-777): “Relationships between water column depth, seagrass canopy 280 

structure and Corg stocks have been reported for Zostera muelleri and Halophila ovalis 281 

meadows (e.g. Samper-Villarreal et. al. 2016). However, previous studies based their 282 

comparisons on soil thickness rather than Corg accumulation rates (e.g. period of 283 

accumulation) and rely on the assumption that environmental gradients linked to e.g. 284 

anthropogenic disturbances remained constant over the period reconstructed. Seagrass 285 

meadow structure (e.g. density, cover, biomass) and even presence/absence can vary 286 

over seasonal, annual and decadal time scales, in particular for short-lived and highly 287 

dynamic meadows such as those formed by genera Zostera, Halophila and Halodule. 288 

The presence of a clear and stable environmental gradient (i.e. depth) over the last 289 

millennia (Skene et al. 2005), together with the presence of seagrass remains along 290 

the cores studied, provide further strength on the relationships between 291 

biogeochemical factors and seagrass soil Corg storage reported in this study.” 292 

References 293 

Collier, C.J., Lavery, P. S., Masini, R. and Ralph, P.: Morphological, growth and 294 

meadow characteristics of the seagrass Posidonia sinuosa along a depth-related 295 

gradient of light availability, Mar. Ecol. Prog. Ser., 337, 103–115, 296 

doi:10.3354/meps337103, 2007. 297 

Collier, C.J., Lavery, P. S., Masini, R.J. and Ralph, P.: Physiological characteristics of 298 

the seagrass Posidonia sinuosa along a depth-related gradient of light availability.  299 

Mar. Ecol. Prog. Ser., 353, 65-79, 2008 300 

Samper‐Villarreal, J., Lovelock, C.E., Saunders, M.I., Roelfsema, C. and Mumby, 301 

P.J.: Organic carbon in seagrass sediments is influenced by seagrass canopy 302 



 

 

complexity, turbidity, wave height, and water depth. Limnol. Ocean., 61, 938–952, 303 

2016. 304 

Skene, D., Ryan, D., Brooke, B., Smith, J., Radke, L., 2005. The Geomorphology and 305 

Sediments of Cockburn Sound. Geoscience Australia, Record 2005/10. 88pp 306 

 307 

Comment 5:  308 

Wind wave energy and bed shear stress. It would be nice to have some description of 309 

the environment with regards bed shear stress. I notice that the conceptual model (Fig 310 

6) suggests that hydrodynamic energy increases with water depth. Is this due to tidal 311 

currents? Probably best to define what is meant by "hydrodynamic energy", and if 312 

wave energy is not important explain why. Generally I would expect much higher bed 313 

shear stress at shallow depth due to wind wave action. At least part of the seagrass 314 

morphology (e.g. below ground biomass) is likely to be significantly influenced by 315 

this bed stress gradient, which presumably has implications for the results of this 316 

study. I think this issue needs more comprehensive treatment, given that physical 317 

energy is one of the three factors considered.  318 

Response to comment 5: 319 

We agree with the referee that data on bed shear stress could contribute to this study. 320 

However, this type of data is not available (i.e. lack of hydrodynamic models in the 321 

region) and indeed, in situ measurements would be required considering the short-322 

distance of the depth gradient studied (ca. 200 m) and the limited resolution and 323 

uncertainties associated with models. Therefore, obtaining reliable data on bed shear 324 

stress would require the deployment of specific equipment over long time periods, 325 

and it is out of the scope in this study. We thus used sediment grain-size along the 326 

core as a proxy of hydrodynamic energy over the period reconstructed, which is a 327 

complementary proxy of bed shear stress (Paterson and Black, 1999). Indeed, bed 328 

shear stress does not reflect the affect of the canopy on hydrodynamic energy, and 329 

therefore the sediment grain size within the meadow could provide a better indication 330 

of the hydrodynamic energy within the meadow.  331 

We have rewritten the caption of Figure 6 to help interpreting the conceptual model. 332 

Text added (L1176-1178): “Organic carbon in seagrass soil increases with high SAR, 333 

fine sediment content, seagrass NPP and density; and decreases with high 334 

hydrodynamic energy and water depth. SAR, soil accumulation rates; NPP, net 335 

primary production.” 336 



 

 

 337 

Comment 6:  338 

Decay rates. Could other factors such as bed shear stress and bioturbation impact on 339 

the estimations of decay rates? My guess is yes, so it would be good to see a little 340 

more comprehensive discussion of this.  341 

Response to comment 6: 342 

We agree with the referee that most probably bed shear stress and bioturbation may 343 

also play a role in organic carbon storage in seagrass meadows. In our study, we used 344 

sediment grain-size as a proxy of hydrodynamic energy and bed shear stress (see 345 

above, response to comment 5). The 210Pb results provided insights into the degree of 346 

mixing of the soils, but it is not possible to decipher biological from physical (i.e. 347 

hydrodynamic energy) mixing in our study. We have stated briefly current 348 

limitations: 349 

Text added (L857-859): “Understanding the factors controlling Corg storage in 350 

seagrasses is at its onset, and a much better understanding is required before being 351 

able to disentangle the relative role/importance of each factor.” 352 

 353 

Comment 7:  354 

Comparison with other studies. I think it would be good to place the results of this 355 

study into context with other studies (e.g. seagrass morphometrics, Corg and grain 356 

size properties) so that results have a more global relevance. 357 

Response to comment 7: 358 

Since this manuscript was accepted for publication in Biogeoscience Discussion there 359 

have been a few manuscripts published on the topic. Therefore, we compared the 360 

results of our study with new literature on Posidonia spp to keep the focus of our 361 

manuscript (with the exception of Simper-Villareal et al. (2016), and considering the 362 

limitations of comparing punctual measurements of seagrass morphometric 363 

characteristics with organic carbon storage over centuries (comment 4, Referee #2). 364 

We have compared our findings with previous studies by Rozaimi et al. (2016; i.e. 365 

period of accumulation versus depth-based accumulation), Samper-Villareal et al. 366 

(2016; i.e. depth/canopy structure), and Kaal et al. (2016; Corg preservation).  367 

References: 368 
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Key points: Interactions of biogeochemical factors control organic carbon storage in 413 

seagrass soils / Higher organic carbon storage driven by higher plant inputs / Soil 414 

accumulation rates and sediment grain-size control organic carbon storage  415 

 416 

Keywords: Carbon Sinks, Blue Carbon, Global Change, Marine Sediments, Coastal 417 

Ecosystems 418 

 419 

Abstract   420 

Biotic and abiotic factors influence the accumulation of organic carbon (Corg) 421 

in seagrass ecosystems. We surveyed Posidonia sinuosa meadows growing in 422 

different water depths to assess the variability in the sources, stocks and accumulation 423 

rates of Corg. We show that over the last 500 years, P. sinuosa meadows closer to the 424 

upper limit of distribution (at 2-4 m depth) accumulated 3 to 4-fold higher Corg stocks 425 

(averaging 6.3 kg Corg m-2) at 3 to 4-fold higher rates (12.8 g Corg m-2 y-1) compared to 426 

meadows closer to the deep limits of distribution (at 6-8 m depth; 1.8 kg Corg m-2 and 427 

3.6 g Corg m-2 y-1). In shallower meadows, Corg stocks were mostly derived from 428 

seagrass detritus (88% in average) compared to meadows closer to the deep limit of 429 

distribution (45% on average). Also, soil accumulation rates and fine-grained 430 

sediment content (<0.125 mm) in shallower meadows (2.0 mm y-1 and 9%, 431 

respectively) were approximately 2-fold higher than in deeper meadows (1.2 mm y-1 432 

and 5%, respectively). The Corg stocks and accumulation rates accumulated over the 433 

last 500 years in bare sediments (0.6 kg Corg m-2 and 1.2 g Corg m-2 y-1) were 3 to 11-434 

fold lower than in P. sinuosa meadows, while fine-grained sediment content (1%) and 435 

seagrass detritus contribution to the Corg pool (20%) were 8 and 3-fold lower than in 436 
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Posidonia meadows, respectively. The patterns found support the hypotheses that Corg 440 

storage in seagrass soils is influenced by interactions of biological (e.g. meadow 441 

productivity, cover and density), chemical (e.g. recalcitrance of Corg stocks) and 442 

physical (e.g. hydrodynamic energy and soil accumulation rates) factors within the 443 

meadow. We conclude that there is a need to improve global estimates of seagrass 444 

carbon storage accounting for biogeochemical factors driving variability within 445 

habitats.  446 

 447 

1. Introduction  448 

The recent focus on carbon trading has intensified the interest in quantifying 449 

the capability of a variety of ecosystems to store carbon, since carbon storage 450 

provides one means of valuing these ecosystems. The role of seagrass meadows in 451 

absorbing and storing carbon dioxide over centennial to millennial scales is being 452 

evaluated in the context of climate change mitigation (Fourqurean et al. 2012; Duarte 453 

et al. 2013). Seagrasses occupy only 0.1% of the ocean surface but are considered one 454 

of the largest carbon sinks worldwide (Duarte et al. 2005, 2010; Mcleod et al. 2011). 455 

Unlike terrestrial ecosystems, which store organic carbon (Corg) mainly in the living 456 

biomass, Corg stocks in seagrass meadows are mainly found in their soils, where it can 457 

accumulate over millennia (Mateo et al. 1997). The substrate where seagrasses grow 458 

meet the requirements for sediment to be considered a soil (Serrano et al. 2012), 459 

despite marine ecologists broadly refer to seagrass substrates as sediments (Kristensen 460 

& Rabenhorst, 2015). 461 

Seagrasses encompass a wide variety of species across a range of depositional 462 

environments and water depths (Carruthers et al. 2007), and the variability in the soil 463 

Corg stocks among seagrass habitats had been found to be high (up to eighteen-fold; 464 
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Lavery et al. 2013). However, there has been a tendency to simplify regional and 468 

global estimates of Corg stocks in seagrass ecosystems from a very limited data set, 469 

based on few species and habitats (Nelleman et al. 2009; Fourqurean et al. 2012). 470 

Geomorphological settings (i.e. topography and hydrology), soil characteristics (e.g. 471 

mineralogy and texture) and biological features (e.g. primary production and 472 

remineralization rates) control soil Corg storage in both terrestrial ecosystems 473 

(Amundson, 2001, De Deyn et al. 2008; Jonsson and Wardle, 2009) and in mangrove 474 

and tidal salt marshes (Donato et al. 2011; Adame et al. 2013; Ouyang and Lee, 475 

2014). However, our understanding of the factors regulating this variability in 476 

seagrass meadows is limited (Nellemann et al. 2009; Duarte et al. 2010; Serrano et al. 477 

2014).  478 

Based on the terrestrial analogues and the limited research undertaken on 479 

seagrasses, it is likely that multiple factors may influence Corg storage within seagrass 480 

meadows, including biotic and abiotic factors acting in the water column, canopy and 481 

the soils. The seagrass itself may exert a primary control on Corg storage through its 482 

biomass, productivity and nutrient content (Lavery et al. 2013; Serrano et al. 2014; 483 

Miyajima et al. 2015), and all of which are highly variable depending upon seagrass 484 

species and habitat conditions (Alcoverro et al. 1995; Collier et al. 2007). Seagrass 485 

density, biomass and productivity are strongly related to the underwater light 486 

penetration (Dennison, 1987; Duarte, 1991). Therefore, it can be expected that 487 

different irradiance regimes (and therefore depth) would influence the Corg storage 488 

capacity of seagrasses (Serrano et al. 2014).  489 

Once Corg is buried in the soil biotic and abiotic factors are likely to control the 490 

degree of Corg accumulation and preservation (Burdige, 2007). The rates of soil 491 

accumulation, the sediment structure and the biochemical composition of the organic 492 
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matter buried may strongly influence Corg accumulation and preservation, and are 494 

highly variable among seagrass meadows (De Falco et al. 2000; Kennedy et al. 2010; 495 

Duarte et al. 2013). Soil accumulation may be a function of the seagrass canopy 496 

structure (De Falco et al. 2000; Gacia and Duarte, 2001; Peralta et al. 2008; Hendriks 497 

et al. 2010), the availability of suspended particles to settle out of the water column 498 

and the production of biogenic carbonates within the meadow (De Falco et al. 2000; 499 

Mazarrasa et al. 2015). If the accumulated sediments are fine, then they are likely to 500 

enhance the preservation of Corg since they tend to limit oxygen exchange and redox 501 

potentials, which reduce remineralization (e.g. Keil and Hedges, 1993). And finally, 502 

while both authoctonous (e.g. plant detritus and epiphytes) and allochthonous (e.g. 503 

seston and terrestrial matter) sources contribute to the Corg pool in seagrass soils 504 

(Kennedy et al. 2010) the proportion of seagrass-derived Corg may be an important 505 

factor controlling Corg storage capacity. Seagrass tissues contain relatively high 506 

amounts of degradation-resistant organic compounds (e.g. lignin and cellulose; 507 

Harrison, 1989; Klap et al. 2000; Torbatinejad et al. 2007; Burdige, 2007) compared 508 

to seston and algal detritus (Laursen et al. 1996), which are more prone to 509 

remineralization during early diagenesis (Henrichs, 1992). 510 

From the above, it is clear that a large number of factors can potentially 511 

influence the stocks and accumulation rates of Corg in seagrass meadows. Here we 512 

studied Posidonia sinuosa meadows across a depth gradient, aiming to highlight key 513 

biogeochemical factors affecting Corg storage in seagrass soils that need to be 514 

accounted for when attempting to produce regional or global estimates of Corg storage 515 

in seagrass meadows. Previous research at this site (Collier et al. 2007, 2008) showed 516 

significant variation in plant biomass and productivity, water quality and sediment 517 

biogeochemistry parameters across this depth gradient. Bare sediments were also 518 
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sampled and studied in order to determine the ‘background’ Corg stocks and fluxes in 521 

the absence of a seagrass meadow.  522 

 523 

2. Material and methods 524 

2.1. Study site and sampling  525 

The study was conducted at Cockburn Sound in Western Australia (Figure 1), in 526 

dense and monospecific P. sinuosa meadows across a significant depth gradient. 527 

Cockburn Sound is a sheltered marine embayment consisting of a deep central basin 528 

surrounded by shallow sand banks and seagrass meadows (Kendrick et al. 2002). Four 529 

vertical cores were sampled at four water depths in vegetated areas (1.6 m, 4 m, 5.7 m 530 

and 8 m), while a single core at 4 m water depth was collected from a bare area 531 

located at about 2 km distance from the nearest seagrass meadow. It was difficult or 532 

impossible to find a ‘pure control’ (as per ecological definition) for this study. 533 

Shallow unconsolidated substrates in the study area should be occupied by seagrasses 534 

unless anthropogenic disturbances or hydrodynamic energy preclude so. In our case, 535 

the reference site was chosen based on the absence of seagrass at least since 1960s 536 

(Kendrick et al. 2002), similar water depth (4 m), and the low likelihood of seagrass 537 

detritus from surrounding meadows being exported and accumulated in the area 538 

(Skene et al. 2005). 539 

The core barrels consisted of PVC pipes (65 mm inside diameter) with 540 

removable coring heads to cut fibrous material and minimize core shortening 541 

(compression) during coring (Serrano et al. 2012). The core barrels were driven into 542 

the soil by a hydraulic drill (LHD 23M, Atlas-Copco) that combined percussion and 543 

rotation. All cores were sealed at both ends, transported vertically to the laboratory 544 

and stored at 5°C before processing. 545 
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The lengths of soil recovered ranged from 57 to 123 cm. Compression of loose 547 

soils during coring is an inevitable phenomenon and is routinely corrected by 548 

distributing the spatial discordances proportionally between the expected and the 549 

observed soil column layers (e.g. Glew et al. 2001). The overall degree of core 550 

shortening was low (less than 12%) in all cases (corrected decompressed depths 551 

ranged from 65 to 134 cm).  The results reported in this study (i.e. density, soil 552 

accumulation rates, and Corg stocks and accumulation rates) have been corrected for 553 

compression.  554 

 555 

2.2. Laboratory procedures 556 

The cores were cut longitudinally into two halves and sliced at regular intervals 557 

(i.e. 1 cm-thick slices). Each slice/sample was weighed before and after oven drying 558 

to constant weight at 70°C (DW), and subsequently sub-divided for analysis. The Corg 559 

elemental and isotopic composition of the organic matter was measured in milled 560 

subsamples from every second slice. These sub-samples were acidified with 1 M HCl, 561 

centrifuged (3500 RPM; 5 minutes) and the supernatant with acid residues was 562 

removed using a pipette, then washed in deionized water once, the residues were 563 

centrifuged again and the supernatant removed. The residual samples were re-dried 564 

(70°C) before carbon elemental and isotopic analyses. Samples were acid-rinsed to 565 

ensure complete removal of inorganic carbon (i.e. carbonates) before Corg analysis, 566 

despite this procedure may lead to an underestimation of soil Corg stocks (Phillips et 567 

al. 2011; Brodie et al. 2011). The Corg elemental and isotopic composition was also 568 

analyzed in P. sinuosa macro-detritus (i.e. sheaths, roots and rhizomes) collected at 569 

different depths along all seagrass cores for the carbon source study. The samples 570 

were washed in deionized water, dried at 70°C, encapsulated and the Corg elemental 571 
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and isotopic composition was analyzed using a Micro Cube elemental analyzer 574 

(Elementar Analysensysteme GmbH, Hanau, Germany) interfaced with a PDZ Europa 575 

20-20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK) at University 576 

California Davis Facilities. The relative contents of Corg were calculated for the bulk 577 

(pre-acidified) samples. Carbon isotope ratios are expressed as δ	  values in parts per 578 

thousand (‰) relative to VPDB (Vienna Pee Dee Belemnite).  579 

For sediment grain-size analysis, a Mastersizer 2000 laser-diffraction particle 580 

analyzer was used following digestion of bulk samples with 10% hydrogen peroxide. 581 

Sediments were classified as coarse sand (<1 mm and >0.5 mm) medium sand (<0.5 582 

mm and >0.25 mm), fine sand (<0.25 mm and >0.125 mm), and very fine sand plus 583 

mud (<0.125 mm).  584 

 585 

2.3. Age-depth chronology 586 

The age of the soil along the cores was determined combining 210Pb and AMS-587 

14C techniques for the recent (c.a. <100 y BP) and older (c.a. <500 cal y BP) material, 588 

respectively. Concentrations of 210Pb were determined by alpha spectrometry through 589 

the measurement of its granddaughter 210Po, assuming radioactive equilibrium 590 

between the two radionuclides (Sánchez-Cabeza et al. 1998). Between 150 and 300 591 

mg aliquots of each sample were acid digested after addition of 209Po as spike and 592 

polonium isotopes were plated onto pure silver disks, and their alpha emissions were 593 

measured by alpha spectrometry. The concentrations of 210Pb at depths were found to 594 

be constant were used to determine the average supported 210Pb concentrations, which 595 

were then used to obtain the concentrations of excess 210Pb. A selection of samples of 596 

each core was measured for 226Ra by gamma spectrometry to confirm the validity of 597 

the estimates of 210Pb-supported values. Concentrations of 226Ra were determined 598 
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using a high-purity Ge well-type detector (CANBERRA, mod. GCW3523) through 600 

the 351 keV emission line of 210Pb. 601 

For radiocarbon analyses, four samples of shells and one sample of P. sinuosa 602 

sheath remains were radiocarbon dated at the National Ocean Sciences AMS Facility 603 

(Woods Hole Oceanographic Institution, Woods Hole, MA; Table A in supporting 604 

information) following standard procedures (Stuiver and Pollack, 1977). Sheaths and 605 

shells were washed in ultrapure MQ water in order to remove fine sediment particles, 606 

examined under a stereomicroscope for lack of attached reworked materials, and dried 607 

at 60 °C before radiocarbon dating. The conventional radiocarbon ages were 608 

converted into calendar dates in years BP (cal y BP) using the Calib 7.1 software 609 

(Marine13 curve) and the local marine reservoir effect due to the C dissolved in 610 

marine water was adjusted by deducting 71 years from the calibrated radiocarbon 611 

ages (Ulm, 2006). The calibrated 14C ages corrected for the marine reservoir effect 612 

were used to produce an age-depth model (linear regression; present is 2012).  613 

 614 

2.4. Numerical procedures 615 

The Corg stocks per unit area (kg Corg m−2) were estimated by computing the 616 

cumulative mass of Corg accumulated over the last ca. 100 years and 500 years 617 

(inventories in 13 to 30 cm and 40 to 75 cm thick deposits, respectively). The short- 618 

and long-term accumulation rates (g DW m−2 y−1) of Corg were calculated by dividing 619 

the Corg inventories in the soil by the ages (for 100 and 500 years old deposits, 620 

respectively). The decay rates of soil Corg were calculated by fitting an exponential 621 

equation to the decreasing trends in Corg content (mg Corg cm-3) with aging. The data 622 

reported for seagrass soil properties at different water depths and bare sediments 623 



 

 

(Average ± SE) were normalized for ca. 100 and/or 500 years old deposits (specified 624 

in each case). 625 

A one-way ANOVA was applied to test for any significant effect of water depth 626 

on the Corg elemental and isotopic composition, Corg stocks and accumulation rates, 627 

and fine sediment content (<0.125 mm). When significant effects were detected, 628 

pairwise a posteriori comparisons were performed using a Tukey’s HSD test. Data 629 

were fourth root transformed to meet ANOVA assumptions. Pearson correlation 630 

analysis was used to test for significant relationships among the variables studied. 631 

The Bayesian mixing model SIAR 4.2 (Parnell et al. 2010) was used to estimate 632 

the contribution of potential sources to the sedimentary Corg. The model was run with 633 

3 sources (seagrass detritus, epiphytes/macroalgae, and seston). Separate mixing 634 

models were computed for each core, and for both 100 and 500 years of 635 

accumulation. The δ13C values for all sources were assumed to be constant for each 636 

core, except the δ13C signatures of seagrass detritus. Previous studies showed that the 637 

δ13C values of P. sinuosa varied along this depth gradient (Collier et al. 2008). To 638 

account for this variability in seagrass tissue δ13C, the δ13C signatures of seagrass 639 

detritus measured directly in the seagrass detritus present in each core were used in 640 

the corresponding mixing model. Concentration dependence was incorporated to the 641 

model because elemental concentrations were different between sources (Phillips and 642 

Koch 2002). We did not consider any fractionation with aging (0 ±	  0‰) in the model 643 

because previous studies suggest small diagenetic shifts for δ13C during 644 

decomposition (Zieman et al. 1984; Mateo et al. 2010).  645 

 646 

3. Results  647 
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The soil characteristics of the P. sinuosa meadows in Cockburn Sound changed 650 

significantly with soil depth (and thus age), starting as low-density, highly organic 651 

soils that turned into inorganic-dominated material 20 cm below the soil surface (after 652 

c.a. 50 to 150 years of burial; Figure B in supporting information). Over 500 years of 653 

accumulation, soils in the P. sinuosa meadows closer to the upper limit of distribution 654 

(at 2 and 4 m depths) were significantly richer in Corg (mean ±	  standard error of the 655 

mean = 1.2 ±	  0.2% Corg) than those from deeper areas (at 6 and 8 m depths; 0.5	  ±	  656 

0.1% Corg; Table 1 and 2). The properties of the bare sediment core were 657 

homogeneous with depth/age (Figure B in supporting information) and, on average, 658 

the Corg content was lower (0.06%) and the density higher (1.2 g cm-3) compared to 659 

the vegetated cores (Table 1 and 2). Medium and fine sands dominated in all seagrass 660 

cores (87% in average), while medium and coarse sands dominated in the bare 661 

sediment core (78% in total; Table 1 and Figure 2a). The proportion of fine grain-size 662 

material (<0.125 mm) increased from the bare core (averaging 1%) to P. sinuosa 663 

meadows closer to the deeper limit of distribution (4-5% at 6 and 8 m depth) and 664 

meadows closer to the upper limit of distribution (6 to 11% at 2 and 4 m depth; Table 665 

1 and 2). 666 

Concentration profiles of 210Pb showed decreasing trends from the surface down 667 

to depths of 10 to 16 cm (decompressed depths). The concentrations of 226Ra 668 

(average: 0.4 ± 2.1 Bq·kg-1) were in agreement with those of 210Pb in the deepest 669 

sections of the cores, indicating absence of excess 210Pb (210Pbex; Fig. 3). All cores 670 

had similar concentrations of supported 210Pb (10.5 ± 0.9 Bq kg-1), whereas the 210Pbex 671 

inventories in the vegetated soils ranged from 427 ± 45 to 723 ± 48 Bq	  m-2. Mixing of 672 

the upper soil layers was most severe in seagrass cores from the 2 and 6 m depth sites, 673 

where mixing was apparent in the top 3 and 7 cm, respectively. Average short-term 674 
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soil accumulation rates (SAR; ca. last 100 years) for each core were determined by 678 

applying the CF:CS model below the base of the mixed layer (Krishnaswamy et al., 679 

1971; Masqué	   et al. 2002; Figure 3), ranging from 1.3 ±	   0.2 to 3.0 ±	   1.1 mm y-1 680 

(Table 3). Total 210Pb concentrations measured in the reference core (i.e. bare 681 

sediment) were low (10.1 ± 1.2 Bq	   kg-1) and not statistically different from the 682 

supported 210Pb concentrations measured in the P. sinuosa cores (10.4 ± 1.2 Bq	  kg-1). 683 

The absence of excess 210Pb accumulation in bare sediment suggests negligible recent 684 

net accumulation of 210Pb (and thus sediments) in the absence of vegetation (i.e. last 685 

ca. 100 years). According to the age-depth models based on 14C ages, long-term SAR 686 

(ca. last 500 cal y BP) in P. sinuosa cores ranged from 0.8 to 1.3 mm y-1, while long-687 

term SAR in bare sediments averaged 1.5 mm y-1 (Table 3). 688 

Over 100 and 500 years of accumulation, the shallow P. sinuosa meadows (at 2 689 

and 4 m depths) stored more carbon (averaging 4.0 and 6.3 kg Corg m-2, respectively) 690 

than the deeper counterparts at 6 and 8 m depths (1.2 and 1.8 kg Corg m-2, 691 

respectively; Table 3 and Figure 4). The lowest Corg inventories (500 years of 692 

accumulation; 0.6 kg Corg m-2) and accumulation rates (1.2 g Corg m-2 y-1 over 500 693 

years) were found in the bare sediment core. The soil Corg content (mg Corg cm-3) in 694 

the shallower meadows (at 2 and 4 m depth) decreased exponentially at rates of 695 

0.0058 ± 0.0012 y-1 (R = 0.76) and 0.0043 ± 0.0005 y-1 (R = 0.86), respectively, while 696 

in meadows closer to the deeper limit of distribution (at 6 and 8 m depth) it decreased 697 

at 0.0037 ± 0.0014 y-1 (R = 0.65) and 0.0085 ± 0.0011 y-1 (R = 0.92), respectively.  698 

The δ13C values of sedimentary organic matter in soils from shallow meadows 699 

(at 2 and 4 m depths) were higher (-12‰) than those from the 6 and 8 m depths (-700 

14‰	   to -16‰; Fig. 2b; Tables 1 and 2). Organic carbon in bare sediments was the 701 

most depleted in 13C (overall mean - 20‰). Carbon isotopic ratios in extant seagrass 702 
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tissues also varied between cores (Table 4a). On average, δ13C signatures of seagrass 705 

detritus preserved in the cores at 2, 4 and 6 m water depth were 13C-enriched (-10 to -706 

11‰) compared with those from 8 m depth (-13‰). The δ13C signatures of living 707 

epiphytes and macroalgae at Cockburn Sound averaged -16 and -19‰, respectively 708 

(Table 4a). 709 

The mixing models applied indicated that seagrass detritus was the most 710 

important source of soil Corg in all meadows studied (ranged from 43 to 94%; Table 711 

4b) over 500 years of accumulation, but its contribution decreased with water depth. 712 

In meadows closer to the upper limit of distribution (at 2 and 4 m depth) seagrass-713 

derived detritus contributed 80 to 94% of the sedimentary Corg, about 2-fold higher 714 

than in deeper meadows (at 6 and 8 m depth; ranging from 43 to 46%). The 715 

contribution of epiphytes/macroalgae was 3- to 10-fold higher in deeper meadows 716 

(ranging from 35 to 39%) compared to shallow meadows (4 to 11%; Table 4b). The 717 

contribution of seston increased with depth, but was always less than the contributions 718 

from Posidonia and epiphytes/macroalgae (Table 4b). Bare sediments had the lowest 719 

seagrass contribution to the Corg pool and the highest proportion from seston (20% 720 

and 58%, respectively; Table 4b). 721 

Considering all soil layers from all cores, the Corg concentration increased with 722 

increasing fine sediment content (r2 = 0.52), δ13C values (r2 = 0.33) and % 723 

contribution of seagrass detritus (r2 = 0.9) (Fig 5). The δ13C signatures and % particles 724 

<0.125 mm were positively correlated (r2 = 0.57; Fig. 5).  725 

 726 

4. Discussion   727 

The results show a consistent decline in Corg stocks and accumulation rates with 728 

water depth in P. sinuosa meadows, where shallow meadows closer to the upper limit 729 
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of distribution, accumulated 3 to 4-fold higher Corg stocks and at higher rates than 731 

those nearer the depth limits of distribution. We interpret the associated changes in 732 

biological (e.g. productivity, cover and density), chemical (e.g. recalcitrance of Corg 733 

stocks) and physical (e.g. hydrodynamic energy and SAR) factors within the 734 

meadows as evidence that the production, trapping and preservation of soil Corg in 735 

coastal areas is the result of complex interaction among all three sets of factors, as we 736 

represent in Figure 6, and discussed below.  737 

The findings from this study are consistent and complement earlier findings by 738 

Serrano et al. (2014). The analyses of new variables in the same cores (i.e. 210Pb 739 

dating, sediment grain-size, stable carbon isotopes in organic matter) provided new 740 

insights into the factors driving differences in Corg storage along a depth gradient. We 741 

also compare the biogeochemical characteristics of seagrass soils with adjacent bare 742 

sediments. Differences in Corg stocks and accumulation rates between this and the 743 

previous study (Serrano et al. 2014) are related to the new age-depth models obtained 744 

in the cores (i.e. based on 210Pb dating). The results obtained lead us to conclude that 745 

in order to assess differences and compare Corg storage between seagrass habitats it is 746 

recommended to normalize Corg stocks by a period of accumulation (Rozaimi et al. 747 

2016), rather than soil depth as commonly used (e.g. Serrano et al. 2014). Therefore, 748 

we present the results and develop the discussion according to the period of 749 

accumulation (210Pb-derived, short-term, last 100 years; and 14C-derived, long-term, 750 

last 500 years).  751 

The results indicate that the P. sinuosa plants themselves play a key role in 752 

determining the amount of Corg available for burial along the depth gradient. It is well 753 

established that accumulation of Corg in sediments and soils is strongly affected by net 754 

primary production (Cao and Woodward, 1998; Serrano et al. 2014). The decline with 755 



 

 

depth of Corg stocks, Corg accumulation rates and seagrass-derived inputs into the 756 

sedimentary pool that we observed coincides with reduced seagrass abundance and 757 

production reported by Collier et al. (2007). These authors reported 18-24 fold 758 

reductions from shallow (2 m) to deep (8 m) P. sinuosa meadows in shoot density 759 

(from 1435 to 80 shoots m-2), aboveground biomass (from 899 to 47 g DW m-2) and 760 

belowground biomass (from 1028 to 43 g DW m-2) on the same depth gradient. 761 

Similar trends in meadow structure and productivity with depth have been found in 762 

other Posidonia meadows, linked to reductions in irradiance (West, 1990; Duarte, 763 

1991; Mateo and Romero, 1997; Alcoverro et al. 2001; Olesen et al. 2002).  764 

Relationships between water column depth, seagrass canopy structure and Corg 765 

stocks have been reported for Zostera muelleri and Halophila ovalis meadows (e.g. 766 

Samper-Villarreal et. al. 2016). However, previous studies based their comparisons on 767 

soil thickness rather than Corg accumulation rates (e.g. period of accumulation) and 768 

rely on the assumption that environmental gradients linked to e.g. anthropogenic 769 

disturbances remained constant over the period reconstructed. Seagrass meadow 770 

structure (e.g. density, cover, biomass) and even presence/absence can vary over 771 

seasonal, annual and decadal time scales, in particular for short-lived and highly 772 

dynamic meadows such as those formed by genera Zostera, Halophila and Halodule. 773 

The presence of a clear and stable environmental gradient (i.e. depth) over the last 774 

millennia (Skene et al. 2005), together with the presence of seagrass remains along 775 

the cores studied, provide further strength on the relationships between 776 

biogeochemical factors and seagrass soil Corg storage reported in this study.  777 

The higher SAR, fine-grained sediment contents and plant detritus inputs in 778 

meadows closer to the upper limit of distribution would contribute to higher 779 

accumulation and preservation of Corg after burial. The SAR in seagrass meadows is 780 
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mainly controlled by the canopy structure, which affects the trapping and retention of 787 

sediment particles (Gacia and Duarte, 2001; Peralta et al. 2008; Hendriks et al. 2010), 788 

the hydrodynamic energy, the availability of fine-grained suspended particles in the 789 

water column, and the production of biogenic carbonates within the meadow (De 790 

Falco et al. 2000, 2010; Mazarrasa et al. 2015). High plant biomass and density is 791 

associated with greater retention of particles (in particular, fine-grained sediments), 792 

lower hydrodynamic energy, and higher production of biogenic carbonates within the 793 

meadow (De Falco et al. 2000), ultimately enhancing soil accumulation. The presence 794 

of a dense rhizome mat underlying shallow meadows may provide a positive feedback 795 

mechanism for enhanced SAR (i.e. presence of cavities reducing erosion and 796 

increasing soil accumulation; De Falco et al. 2000; Le Hir et al. 2007). The higher 797 

content of fine sediments we observed in shallow meadows would contribute to the 798 

higher Corg accumulation, since fine sediments generally retain more Corg compared to 799 

medium and coarse sands (Keil and Hedges, 1993; Burdige, 2007), and because 800 

remineralization rates tend to be reduced in fine sediments due to lower oxygen 801 

exchange and redox potentials (Hedges and Keil, 1995; Dauwe et al. 2001; Burdige, 802 

2007; Pedersen et al. 2011).  803 

The differences in decay rates highlight different levels of Corg preservation in 804 

the different meadows. This is likely a result of both the sources of Corg being buried 805 

and the biogeochemical conditions within the soils. Previous studies demonstrated 806 

that both autochthonous (e.g. seagrass and epiphyte detritus) and allochthonous 807 

(seston and terrestrial matter) sources contribute to the Corg pool in seagrass soils 808 

(50% each on average; Kennedy et al. 2010). Here, we observed larger amounts of 809 

seagrass-derived Corg in shallow meadows (85% in average), pointing to an important 810 

factor driving their higher Corg storage capacities compared to that of deeper 811 
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meadows, namely the carbon preservation potential. Posidonia tissues contain 814 

relatively high amounts of degradation-resistant organic compounds in their tissues 815 

(e.g. lignin and cellulose; Harrison. 1989; Klap et al. 2000; Torbatinejad et al. 2007) 816 

and high C/N ratios (Duarte, 1990; Pedersen et al. 2011; Kaal et al. 2016). In contrast, 817 

seston and algal detritus, which contributed as much as 64-75% of the Corg in the 818 

deeper sites, have a higher labile Corg content (Laursen et al. 1996) more likely to be 819 

remineralized during early diagenesis (Henrichs, 1992), potentially explaining the 820 

higher soil Corg decay rates in the deep (at 8 m) P. sinuosa meadows. However, the 821 

soil Corg decay rates in P. sinuosa meadows at 6 m depth were in the range of those 822 

found at 2 and 4 m depths. This may be due to the limitations of the approach used 823 

here. For example, we assumed that Corg inputs (i.e. quantity and quality) and 824 

decomposition have been constant during the period of accumulation under study, but 825 

this may not have been the case. Further, obtaining reliable estimates of Corg decay 826 

rates is also complicated by the presence of living biomass in the upper part of the 827 

soils, which is the case for the seagrass core sampled at 6 m depth, where fluctuations 828 

in the concentration of Corg are evident.  829 

The Corg decay rates of P. sinuosa meadows (0.0056 y-1 in average) are much 830 

higher than those reported for the similarly sized species P. oceanica (ranging from 831 

0.00008 to 0.0005 y-1; Mateo et al. 1997; Serrano et al. 2012). This may contribute to 832 

the up to 16-fold lower Corg stocks and accumulation rates in the soil beneath P. 833 

sinuosa compared to P. oceanica (Serrano et al. 2014).  834 

Despite the limitations involved in using bare sediments as reference sites (e.g. 835 

inherent biogeochemical differences that preclude the settlement of seagrasses in bare 836 

sediments), the results suggest that Corg stocks and accumulation rates are much 837 

higher in seagrass meadows than in adjacent bare sediments. The 3 to 11-fold lower 838 
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Corg storage capacity of bare sediments compared to P. sinuosa meadows at 841 

comparable depths is due mainly to the absence of seagrass inputs. However, it may 842 

also result from the absence of a canopy that would otherwise enhance the trapping 843 

and retention of organic-rich, fine sediment particles (Hendriks et al. 2008), as 844 

reflected in the low content of fine-grained sediments. Since all continental margins 845 

store Corg, there is a need to account for the net Corg storage capacity due to the 846 

presence of seagrasses when evaluating their role as carbon sinks.  847 

The processes described in this study highlight the importance of meadow 848 

structure and productivity for Corg accumulation, supporting the hypothesis that the 849 

higher production of shallow meadows lead to higher accumulation rates of soil, fine-850 

grained particles and seagrass detritus, which ultimately lead to the higher 851 

preservation and accumulation of Corg. The relative importance of the biogeochemical 852 

factors identified in this study (e.g. hydrodynamic energy, sediment accumulation 853 

rates, fine sediment content, water depth, seagrass net primary production and 854 

density) in driving Corg storage was not addressed, but rather we discussed the reasons 855 

why they can play a role in driving organic carbon storage and highlight potential 856 

synergistic and/or antagonistic interactions among them. Understanding the factors 857 

controlling Corg storage in seagrasses is at its onset, and a much better understanding 858 

is required before being able to disentangle the relative role/importance of each factor.  859 
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Table 1. Average ± SE density (in g cm-3), Corg content (in %), δ13C signatures and 1075 

sediment grain-size content at Cockburn Sound (normalized for ca. 500 years old 1076 

deposits).  1077 

 1078 

 1079 

  1080 

Habitat Water Thick Age

depth (cm) (cal yr BP) <0.125 >0.125<0.25 >0.25<0.5 >0.5<1
  (m) N Mean ± SE N Mean ± SE N Mean ± SE N Mean ± SE Mean ± SE Mean ± SE Mean ± SE

P. sinuosa 2 66 498 61 0.86 ± 0.03 31 1.28 ± 0.22 28 -11.6 ± 0.2 28 11 ± 0.8 43 ± 1.0 36 ± 0.8 9 ± 0.9
4 75 485 67 0.96 ± 0.02 34 1.06 ± 0.16 31 -12.2 ± 0.3 34 6 ± 0.3 47 ± 1.0 43 ± 0.4 5 ± 0.6
6 40 490 35 0.90 ± 0.04 18 0.59 ± 0.15 18 -13.9 ± 0.4 18 5 ± 0.4 44 ± 0.9 46 ± 0.4 5 ± 0.5
8 53 497 47 1.04 ± 0.02 24 0.38 ± 0.10 24 -16.2 ± 0.4 23 4 ± 0.7 43 ± 0.7 47 ± 0.7 6 ± 0.5

bare 4 75 490 70 1.22 ± 0.02 36 0.06 ± 0.00 36 -20.3 ± 0.1 36 1 ± 0.2 21 ± 0.7 51 ± 0.2 27 ± 0.8

Density δ13CCorg % Sediment grain size (mm)

(g cm-3) (%) (‰)



 

 

Table 2. a) Results of one-way ANOVA on soil properties (normalized for ca. 500 1081 

years old deposits). P-values correspond with those provided by F-test. b) Results of 1082 

statistical testing (Tukey’s HSD) for significant effects of water depth on the 1083 

physicochemical parameters in the cores. Levels of significance are as follows: *P < 1084 

0.05; **P < 0.01; ***P < 0.001; NS, P ≥	  0.05 1085 

a)  1086 

 1087 

b)  1088 

 1089 

 1090 

 1091 

 1092 



 

 

 1093 

Table 3. Soil accumulation rates (SAR), Corg accumulation rates and Corg inventories 1094 

in the seagrass cores studied (average ±	  SD). Estimates over short-term (derived from 1095 

210Pb dating, last 100 years) and long-term (derived from 14C dating, last 500) periods 1096 

are provided. The thicknesses of seagrass soils corresponding to 100 and 500 years 1097 

are provided. 1098 

 1099 
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 1101 
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Table 4. a) Stable carbon isotopic composition values (δ13C) of potential organic 1104 

matter sources used for the different sources in the Bayesian mixing models. Data for 1105 

P. sinuosa detritus (sheaths, roots and rhizomes) along the cores at 2, 4, 6 and 8 m 1106 

water depth is presented. b) Relative contributions of potential sources of organic 1107 

carbon to soils of P. sinuosa meadows in different depths and bare sediment (over 500 1108 

years of accumulation) as modeled by SIAR. Mean and lower and upper 95% credible 1109 

interval (CI95) for all the range of feasible solutions in each bayesian mixing model. 1110 

a) 1111 

 1112 

 1113 

b) 1114 

 1115 

 1116 

 1117 

  1118 

Source References
N Mean SD

P. sinuosa 2m 8 -11.5 1.4 this study
P. sinuousa 4m 6 -10.6 1.9 this study
P. sinuosa 6m 6 -10.3 1.7 this study
P. sinuosa 8m 7 -13.3 1.2 this study
Epiphytes 6 -15.9 0.4 this study
Macroalgae 6 -18.6 1.8 this study
Seston 40 -24.2 0.6 Waite et al. 2007

δ13C (‰) 



 

 

Figure 1. Location of the study sites, Cockburn Sound, Western Australia (Australia).  1119 

White dot points represent the coring sites in seagrass P. sinuosa meadows at 2, 4, 6 1120 

and 8 m depth (from West to East). Bare sediment core is indicated by a black dot 1121 

point.  1122 
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Figure 2.  a) Sediment grain-size contents in P. sinuosa meadows (at 2, 4, 6 and 8 m 1128 

depth) and bare sediment cores (normalized for 500 years old deposits) at Cockburn 1129 

Sound; b) δ13C signatures of the sedimentary organic carbon in P. sinuosa meadows 1130 

(at 2, 4, 6 and 8 m depth) and bare sediment cores from Cockburn Sound (normalized 1131 

for 500 years old deposits). Boxplot from top to bottom: largest observation, upper 1132 

interquartile, median, lower interquartile and lowest observation. 1133 
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b) 1137 
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Figure 3. Concentration profiles of total and excess 210Pb in seagrass and bare 1140 

sediment cores from Cockburn Sound. Grey shaded area indicates the concentration 1141 

of supported 210Pb (210Pbsup).  1142 
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Figure 4. Inventories of Corg (kg Corg m-2) in P. sinuosa meadows (at 2, 4, 6 and 8 m 1150 

depth) and bare sediments at Cockburn Sound ((normalized for ca. 500 years old 1151 

deposits). 	  1152 
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Figure 5. Biplots showing the relationships among the variables studied in the 1164 

seagrass and bare sediment cores from Cockburn Sound (normalized for 500 years old 1165 

deposits). a) δ13C signatures (‰) plotted against Corg stocks (mg Corg cm-3); b) 1166 

Sediment grain size <0.125 mm (%) plotted against Corg stocks (mg Corg cm-3); c) δ13C 1167 

signatures (‰) plotted against sediment grain size <0.125 mm (%); and d) 1168 

Contribution of seagrass detritus (%) plotted against soil Corg stocks (kg Corg m-2, over 1169 

100 years – small symbols – and 500 years – big symbols – of accumulation).  1170 
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Figure 6. Influence of biogeochemical factors on the organic carbon storage capacity 1175 

of seagrass ecosystems. Organic carbon in seagrass soil increases with high SAR, fine 1176 

sediment content, seagrass NPP and density; and decreases with high hydrodynamic 1177 

energy and water depth. SAR, soil accumulation rates; NPP, net primary production. 1178 
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 1180 
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Supporting information 1182 

Table A. Details of radiocarbon dating of the P. sinuosa sheaths and shells from the 1183 

cores. The accession laboratory sample assigned by NOSAMS is indicated.  1184 
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 1188 

Figure B. Substrate properties plotted against age at Cockburn Sound (P. sinuosa 1189 

cores at 2, 4, 6 and 8 m depth and bare sediment core at 4 m depth). a) Organic 1190 

carbon content (%); b) Organic carbon stocks (mg Corg cm-3); c) Sediment grain size 1191 

<0.125 mm; d) δ13C signatures (‰) of organic carbon. 1192 
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