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Abstract 24 

 25 

Most studies on sediment-inhabiting microphytobenthos are based on the biomass 26 

present on the surface layers of intertidal flats. However, large amounts of microalgal 27 

biomass are known to exist below the surface. This study tested the role of subsurface 28 

microalgal biomass as a potential source of photosynthetically active cells for the 29 

biofilm on the surface. The resilience of buried cells was evaluated by exposing samples 30 

from various depths to surface conditions and investigating the recovery of 31 

photosynthetic activity. Additionally, vertical migration by subsurface epipelic diatoms 32 

was followed at sub-millimeter scales to evaluate its role for transporting cells to the 33 

vicinity of the sediment surface. Finally the relative importance of subsurface 34 

microalgal biomass was assessed by estimating the proportion of subsurface:surface 35 

biomass for different types of sediments from the Ria de Aveiro. Vertical profiles of 36 

chlorophyll a, 10 cm-deep, were measured on samples from three intertidal sites, 37 

representative of the range of sediment characteristics found in this estuary. The ratio of 38 

total biomass to surface biomass (‘subsurface biomass fraction’) based on total biomass 39 

(0-10 cm depth interval; Csub,total) and on viable biomass (between the surface and the 40 

maximum depth with significant photosynthetic recovery; Csub,viable). The experiments 41 

showed that buried cells were able to recover photosynthetic activity within 1.5 to 3 42 

hours of light exposure, with the rate of recovery being dependent on depth and type of 43 

sediment. Furthermore, subsurface vertical migration was found to enable motile cells 44 

to reach the surface from layers deeper than 1 mm within a low tide period. Overall, the 45 

results showed that surface biomass (0-0.5 cm) only accounted for one fifth to one third 46 

of the total biomass present between the surface and 10 cm, and that the amount of 47 

subsurface viable biomass reached 2-3 times the biomass present at the surface. 48 
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Applying the estimates of Csub,total and Csub,viable to the whole intertidal area of the Ria de 49 

Aveiro, spatially-weighted averages for subsurface biomass fractions were found to 50 

reach 3.8 and 2.1 respectively. 51 

 52 

 53 

 54 

Key words: burial, diatoms, epipelic, epipsammic, microphytobenthos, resilience, 55 

subsurface, vertical migration 56 

 57 

 58 

 59 

Highlights 60 

- buried microphytobenthos cells can recover photosynthetic activity within 3 hours  61 

-  rates of recovery of photosynthetic activity varied with depth and sediment type  62 

- subsurface vertical migration allows cells buried 1 mm deep to reach the surface  63 

- subsurface biomass (0-10 cm) represents 3-5 times the amount at the surface (0-0.5cm) 64 

  65 
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1. Introduction 66 

 67 

Microphytobenthos (MPB) comprises the communities of photoautotrophic 68 

eukaryotic algae and cyanobacteria living in intertidal and well-lit subtidal sediments 69 

(Underwood and Kromkamp, 1999). Diatoms, a highly diverse group that contributes 70 

about 20% to the global primary production and about 40% of the total marine primary 71 

productivity (Cahoon, 1999; Field, 1998; Sarthou et al., 2005; Tréguer et al., 2018) 72 

usually dominate these communities. Diatoms also serve as basis for many marine food 73 

webs (Armbrust, 2009), constitute a key carbon source for heterotrophs (Middelburg et 74 

al., 2000), and contribute to sediment stabilization through the production of 75 

extracellular polymeric substances (EPS) (Cahoon, 1999). Not surprisingly, MPB has 76 

been the object of intense research, mostly centered on the seasonal dynamics of 77 

biomass and estimation of annual productivity budgets (Benyoucef et al., 2014; Brito et 78 

al., 2009; Du et al., 2010b; Koh et al., 2007; Moerdijk-Poortvliet et al., 2018; Pinckney 79 

and Zingmark, 1993; Stanley and Howard, 2013).  80 

Most studies have focused on the microalgal biomass within the photic zone, 81 

where light penetrates enough to support photosynthetic activity and primary 82 

productivity (Herlory et al., 2004; Kelly et al., 2001; MacIntyre and Cullen, 1995; 83 

Serôdio et al., 2001). However, large amounts of microalgal biomass can be found well 84 

below the surface of the sediment (Brotas and Serôdio, 1995; De Jonge and Colijn, 85 

1994; Fenchel and Straarup, 1971; Mundree et al., 2003; Steele and Baird, 1968). This 86 

is especially significant considering that the photic zone in sediments is very thin. It 87 

spans from the surface to a few millimeters in sandy sediments, to only fractions of a 88 

millimeter, in muddy sediments (Cartaxana et al., 2011; Herlory et al., 2004; Kelly et 89 

al., 2001).  90 
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MPB cells are continuously buried below the surface due to bioturbation and 91 

resuspension/deposition events caused by waves and currents during high tide (de Jonge 92 

and van Beusekom, 1995; Kingston, 1999; Plecha et al., 2014; Ubertini et al., 2015). 93 

Conversely, buried cells can return to the surface, being passively transported either 94 

during bioturbation and resuspension events, or due to the reworking or removal of 95 

upper layers of sediment by grazers like snails or fish (Almeida et al., 1993; Hagerthey 96 

et al., 2002), exposing cells in a newly created surface. While these processes occur in 97 

all types of sediments, in the case of muddy sediments the resurfacing of cells may be 98 

enhanced by vertical cell migration. In contrast with sandy sediments, where the diatom 99 

communities are mainly formed by non-motile lifeforms (epipsammic) living attached 100 

to the large sediment particles, in muddy sediments the MPB is dominated by raphid 101 

pennate diatoms (epipelic), able to actively move between the fine sediment particles 102 

(Admiraal, 1984; Cahoon et al., 1995). 103 

Although most studies have focused on the effect of vertical migration on the 104 

biomass present at the surface or in the photic zone (Easley et al., 2005; Round and 105 

Palmer, 1966; Serôdio et al., 2001), motile diatoms may undertake vertical migratory 106 

movements at sedimentary depths below the illuminated layers (Frankenbach et al., 107 

2014; Pinckney et al., 1994). However, subsurface vertical migration has been poorly 108 

studied and its potential importance for reaching newly-created surface layers is 109 

unknown. 110 

Subsurface biomass has been hypothesized to represent a source of 111 

photosynthetically competent cells capable of ‘re-inoculating’ the depleted surface, and 112 

thus allowing the attenuation of in the biomass the photic zone and biofilm productivity 113 

(Delgado et al., 1991; Easley et al., 2005). This requires that the buried diatoms survive 114 

prolonged periods in continuous darkness, and regain their photosynthetic activity 115 
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quickly (faster than growth of remaining cells) following exposure to surface 116 

conditions. In order to contribute to this process, buried epipelic species need to retain 117 

their capability to migrate vertically to reach the photic zone.  118 

This study tested the importance of subsurface microalgal biomass as a potential 119 

source of photosynthetically active cells for surface MPB biofilms. This was pursued by 120 

addressing the following objectives in the described ways:  121 

(i) to investigate if buried cells can regain photosynthetic activity in a short time if 122 

exposed to surface conditions; to determine until which depth can cells recover their 123 

photosynthetic competence. These questions were addressed by following the recovery 124 

of photosynthetic activity of subsurface MPB samples, from various depths, following 125 

resurfacing and exposure to ambient light. 126 

(ii) in the case of epipelic MPB communities, to test if vertical migration 127 

occurring below the surface are capable of transporting cells to the vicinity of the 128 

sediment surface. This was studied by measuring vertical migration at sub-millimeter 129 

vertical scales, using a recently-developed method for obtaining thin sediment sections.  130 

(iii) to estimate how much microalgal biomass is present below the surface, 131 

relative to surface levels, and to determine if the proportion subsurface:surface biomass 132 

varies with sediment type. These questions were addressed by measuring vertical 133 

profiles of MPB biomass for various sediment types and quantifying the subsurface 134 

MPB biomass, distinguishing ‘total’ biomass (down to 10 cm deep) and ‘viable’ (down 135 

to the depth determined in (i)).  136 

(iv) to estimate the amount of subsurface MPB biomass present at the ecosystem 137 

level. This was estimated considering the proportion of subsurface biomass for different 138 

types of sediments and associated MPB communities, and the spatial distribution of 139 
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sediment types throughout the intertidal areas of one estuarine ecosystem, the Ria de 140 

Aveiro (Portugal). 141 

 142 

2. Material and methods 143 

 144 

2.1. Sampling sites 145 

 146 

The Ria de Aveiro is a mesotidal coastal lagoon on the northwest coast of 147 

Portugal (40º38'N - 08º45'W) (Tomás et al., 2014). Detailed characterization of 148 

physical, geomorphological, and ecological features of the Ria de Aveiro can be found 149 

in Bueno-Pardo et al., (2018); Dias et al.,(2003, 1999); Tomás et al., (2014). Sampling 150 

was carried out on intertidal sites considered as representative of the overall variability 151 

in sediment type. MPB assemblages were collected in two channels of the lagoon: 152 

Gafanha da Encarnação (GE; in Canal de Mira, 40°35’18” N, 08°41’06” W), and Vista 153 

Alegre (VA; in Canal de Ílhavo, 40°37’12” N, 08°44’54” W). The sampling sites differ 154 

in grain size, salinity (Tomás et al., 2014; Vargas et al., 2017), and water retention time 155 

(Dias et al., 2003). Sediment granulometry ranged from sand (45.3% particles between 156 

63 µm and 125 µm; 42.7% below 63 µm) at GE, to fine mud (97% of the grains smaller 157 

the 63 µm) at VA (percentages of dry weight; Serôdio et al., 2007). The MPB 158 

communities of the two sites have distinct taxonomic composition and 159 

photophysiological characteristics (Frankenbach et al., 2018; Serôdio et al., 2007). To 160 

increase the spatial resolution of the estimation of the subsurface biomass at the 161 

ecosystem-level, a third sampling site was added. This site is located in the Canal de 162 

Ovar, in front of Torreira (TO; 40º35” N,8º,42” W) 163 

 164 
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2.2. Recovery of photosynthetic activity 165 

 166 

On three consecutive days in July 2016, 12 sediment cores were collected using 167 

2 cm-diameter, 20 cm-long acrylic corers during daytime low tide and taken to the 168 

laboratory. There, the cores were sectioned horizontally into 5 mm-thick sections. The 169 

sections started at depth 0, 5, 20 and 40 mm (VA) or 0, 20, 45 and 60 mm (GE) below 170 

the surface. In the case of GE samples, the depth intervals were adjusted to reach deeper 171 

layers because in sandy sediments resuspension and bioturbation are expected to cause 172 

sediment mixing down to greater depths. Each section was cut with a separate blade, 173 

forming the base of a circular plastic ring 5-mm thick, avoiding cross contact and 174 

transfer of sediments between sections. Three replicated cores for each sampling site 175 

were used.  176 

Shortly after sectioning, the undisturbed samples were exposed to constant low 177 

white light (50 µmol photons m-2 s-1), provided by a LCD digital projector (EMP-1715; 178 

Epson, Suwa, Japan) for six hours, simulating the exposure to surface conditions 179 

following resurfacing. This light intensity is high enough to induce photosynthetic 180 

activity and promote upward migration of MPB, but low enough to avoid damaging 181 

light stress (Serôdio et al. 2006, Laviale et al. 2016). During this period, the 182 

photosynthetic activity of the cells in the newly exposed sediment surfaces was 183 

monitored by measuring ΦPSII, the effective quantum yield of photosystem II (PSII), 184 

every 30 min. At the end of this period, the samples were used to quantify the Chl a and 185 

water content, as well as for determination of taxonomic composition (see below). ΦPSII 186 

was measured using a Pulse Amplitude Modulated (PAM) fluorometer (WATER-187 

EDDF-Universal PAM, Gademann Instruments; (Serôdio, 2004), using a 6 mm-188 

diameter optical fiber to deliver measuring light and saturating pulses (peaking at 450 189 
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nm) and to capture the emitted fluorescence. ΦPSII was determined by measuring steady 190 

state (Fs) and maximum (Fmʹ) fluorescence levels (ΦPSII = (Fmʹ - Fs)/Fmʹ) (Genty et al. 191 

1989). Three independent saturating pulses were applied to each sample by positioning 192 

the optical fiber at different non-overlapping areas (1 mm from the surface, 45°). The 193 

average ΦPSII for each sample and time point was used in subsequent calculations. The 194 

variation of ΦPSII over time during light exposure was described by a rate constant of 195 

ΦPSII recovery, kt (min-1), estimated by fitting the following model: 196 

 197 

Φ������� = Φ�����		� +	�Φ������� − Φ�����		���
����  (1) 198 

 199 

where ΦPSII(t0) and ΦPSII(ss) are the PSII effective quantum yields at the beginning of 200 

the exposure (t0) and after reaching a steady state. 201 

In order to verify the source of the observed fluorescence signal at each depth, 202 

three additional cores were sliced and exposed to comparable light conditions (intensity 203 

and duration) using a second LCD digital projector (EB-X14; Seiko, Japan). The cells 204 

were harvested at the end of the experiment by carefully scraping off the uppermost 205 

surface layer. Samples were then fixed in Lugol’s solution (concentrated, 5% Iodine, 206 

AppliChem GmbH, Germany) and stored at 4 °C. The abundance of the major 207 

photoautotroph taxonomic groups was examined using a Nageotte counting chamber 208 

(Marienfeld-Superior, Germany). Observed cells were grouped into three categories; 209 

diatoms, cyanobacteria, and euglenoids. Cells that were not possible to identify were 210 

grouped as ‘others’ to avoid overestimation of abundance for other groups.  211 

 212 

2.3. Subsurface vertical migration 213 

 214 
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To test the capacity of cells displaced to layers below the surface to migrate 215 

vertically, homogenized slurries were used to simulate a disturbance event such as 216 

bioturbation or resuspension/deposition. During low tide, sediment was collected from 217 

the top 1 cm using a spatula and deposited in a tray overnight in the laboratory. The 218 

following day, at the time coinciding with the beginning of low tide exposure in the 219 

field, the samples were thoroughly mixed using a spatula, and the homogenized slurries 220 

were poured into 24-wellplates as described in Frankenbach and Serôdio (2017). 221 

Immediately after the sample preparation, a first sampling was carried out by collecting 222 

surface samples of different thickness (of 0.1, 0.25, 0.5 and 1.0 mm-thick) using the 223 

cryo-sampling technique “crème brûlée” (Laviale et al., 2015). This procedure was 224 

repeated during the subjective low tide period, once at the time of the low peak tide in 225 

the field, and 90 min before and 90 min after that time. The sediment samples were 226 

immediately transferred into pre-weighted Eppendorf-caps and shock frozen in liquid 227 

N2, and microalgal biomass was later quantified by measuring Chl a content. The 228 

changes in biomass at each depth interval allowed to follow the variation of biomass 229 

over time and along vertical profiles, with sub-millimeter resolution. Biomass present in 230 

each depth interval below the surface (0.1-0.25, 0.25-0.5 and 0.5-1.0 mm) was 231 

estimated by subtracting the Chl a content of a sample of a certain thickness from the 232 

Chl a content of the sample of thickness immediately higher. Three replicates were 233 

obtained for each time and depth interval. This experiment was carried out exclusively 234 

for samples from VA, as the communities from GE are dominated by epipsammic 235 

forms, and therefore not expected to show significant motility. 236 

 237 

2.4. Vertical distribution of subsurface biomass 238 

 239 
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Vertical profiles of Chl a were measured in samples collected from the three 240 

sampling sites described above. Sediment cores (36 mm diameter, 20 cm long) were 241 

collected during low tide. The cores were sectioned into 5 mm-thick sections in the 242 

uppermost 20 mm, and 20 mm-thick from 20 mm down to 100 mm below the surface. 243 

Chl a depth profiles were quantitatively described by fitting a simple negative 244 

exponential model, based on the one proposed by Brotas and Serôdio (1995). The model 245 

used in the present study contains a new parameter, Cd, representing the minimum 246 

background level approached by the Chl a content as depth increases: 247 

 248 

���� = ��
���� + ��     (2) 249 

 250 

where C(z) and C0 are the Chl a content at any depth z and at the surface (z = 0), 251 

respectively, and kC represents the rate constant of Chl a decay with depth. When fitting 252 

the model, the median depth of each sediment section was used as z. The model was 253 

used to calculate, for each type of sediment, the ratio of total biomass (including surface 254 

and subsurface) to surface biomass: 255 

 256 

����,���� =
! "�����

#�
$

! "�����
#%
$

      (3) 257 

 258 

where zt is the maximum depth where Chl a was found (considered here as 10 cm) and 259 

zs is the depth defining the ‘surface’ layers (here considered 5 mm). This ratio, the 260 

‘subsurface biomass fraction’ (Csub) allows to estimate the total, depth-integrated MPB 261 

biomass from surface biomass measurements (see below). Csub was also calculated 262 

based on the ‘viable’ biomass, defined as the depth-integrated Chl a content present 263 
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between the surface and the maximum depth at which significant recovery was observed 264 

following exposure to surface conditions: 265 

 266 

����,&'�� ( =
! "�����

#)
$

! "�����
#%
$

     (4) 267 

 268 

where zv is the maximum depth where potentially viable cells are present. zv was 269 

determined from the results of the experiments on photosynthetic resilience (see above).  270 

 271 

2.5. Ecosystem-level subsurface biomass fraction 272 

 273 

The fraction of MPB subsurface biomass was estimated for the whole intertidal 274 

area of the Ria de Aveiro, considering the relationship between Csub values and sediment 275 

type (granulometry) observed for the sampling sites and the distribution of 276 

granulometry throughout the intertidal areas of the estuary. Information on the grain 277 

size of the sediments of the Ria de Aveiro was obtained from Costa et al. (2018) and 278 

Plecha et al. (2014). The available data is the form of a D35 matrix, values that 279 

correspond to the size of particles where 35% of all particles have a lower diameter than 280 

the announced value. For the three sampling sites, the D35 values were 2.9 × 10-4 m 281 

(VA), 3.3 × 10-4 m (TO) and 6 × 10-5 m (GE), respectively, meaning that sediments 282 

from GE have comparably larger particles (sandy) and VA the finest (muddy). The 283 

geographic information system software ArcGIS (ERSI, USA) was used to create a map 284 

of the lagoon under different tidal conditions, based on Google Earth´s satellite imagery. 285 

Multiple images of different tidal cover situations were used to map the intertidal and 286 

subtidal areas of the estuary. For each intertidal area polygon constructed, the 287 
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correspondent Csub values were defined according with D35 data matrix. The software 288 

calculated the areas automatically, after the correct georeferencing.  289 

 290 

2.6. Chlorophyll a quantification 291 

 292 

The samples used for testing recovery of PSII functionality and vertical 293 

migration were extracted in 2 mL cold acetone (90%). For Chl a vertical profiles 294 

samples, the water content of three replicated cores was determined for each depth on 295 

additional replicates and the average value was used to calculate the volume of acetone 296 

(100%) to be added to achieve a final concentration of 90%. Chl a content is given as 297 

weight of Chl a per dry weight of sediment. The dry weight was determined by drying 298 

the samples at 120 ºC for 24 h. In all cases, Chl a extraction was made in the dark, 4 ºC 299 

for 24 h. Chl a concentration was calculated according to Lorenzen (1967). Extracts 300 

were centrifuged (10 min, 18000 g, 4 °C). The absorbance of the supernatant was 301 

measured at 664 and 750 nm before and after acidification (10 µL, 1 N HCl), using a 302 

spectrophotometer (Thermo Spectronic, Rochester, NY, USA).  303 

 304 

2.7. Statistical analysis 305 

The ΦPSII values measured at different depths and at the surface were compared by 306 

applying a two-tailed Student´s t-test.  307 

 308 

 309 

3. Results 310 

 311 

3.1. Recovery of photosynthetic activity 312 
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 313 

The exposure of buried cells to surface conditions resulted in significant and 314 

relatively fast recovery of ΦPSII in both types of sediments. However, the ΦPSII recovery 315 

capacity varied markedly with depth and sediment type. In both types of samples, the 316 

initial values of ΦPSII decreased with depth. In VA samples, ΦPSII(t0) decreased from 317 

0.68 ± 0.03 at the surface to 0.46 ± 0.06 and 0.38 ± 0.02 at the depths of 2.0 and 4.0 cm, 318 

respectively (Fig.1a). During light exposure, cells present at the surface showed only a 319 

slight increase in ΦPSII, which stabilized at around 0.71 ± 0.02 within the first hour. On 320 

samples from deeper layers, light exposure caused substantial increases in ΦPSII, up to 321 

64% (4.0 cm deep, after 3 h) (Fig 1a). After 6 h of light exposure, ΦPSII increased by 322 

about 0.4% (0.69 ± 0.007 surface), 8% (0.68 ± 0.021 0.5 cm) and 42% (0.65 ± 0.235; 323 

2.0 cm), 56% (0.59 ± 0.026; 4 cm). For all depths, the steady state values of ΦPSII were 324 

significantly lower than the ones at the surface (t-test, P < 0.001). Plotting the same data 325 

as a function of depth highlights how most of the recovery of ΦPSII happened within the 326 

first 3 hours (Fig. 1b).   327 

 328 

 329 

Fig. 1. Recovery of PSII effective quantum yield (ΦPSII) of samples collected at VA 330 

following exposure to surface conditions, for different depths. (A) Variation of ΦPSII 331 

over time for four different depths. Lines represent the fitting of Eq. (1) to data collected 332 
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for each depth. (B) ΦPSII plotted against depths for three time points. Average of three 333 

independent measurements. Error bars indicate one standard error.   334 

 335 

 336 

In contrast with VA samples, ΦPSII(t0) of GE samples was generally lower, 337 

although the variation with depth was less pronounced. Furthermore, the recovery of 338 

photosynthetic activity was essentially limited to the top 2.0 cm. Starting from values of 339 

ΦPSII = 0.540 ± 0.028, surface samples showed a small increase to 0.620 ± 0.001, 340 

reaching a steady state within the first hour of light exposure. At 2.0 cm, ΦPSII increased 341 

66%, from 0.20 ± 0.05 to 0.43 ± 0.019 in the first 90 min of light exposure, after which 342 

no further changes were observed (Fig. 2a). This was comparable to the increase of 343 

ΦPSII observed for VA at 4.0 cm after 3 h of light exposure. Samples from deeper layers 344 

(4.5 and 6.0 cm) showed only a very small recovery of ΦPSII from about 0.22 ± 0.01 to 345 

0.26 ± 0.02 and 0.22 ± 0.03 to 0.26 ± 0.04 respectively, after 6 h of light exposure. 346 

Vertical profiles of ΦPSII highlight how recovery was limited to the top layers, mostly to 347 

the layers 2.0 cm deep (Fig. 2b).  348 

 349 

 350 

Fig. 2. Recovery of PSII effective quantum yield (ΦPSII) of samples collected at GE 351 

following exposure to surface conditions, for different depths. (A) Variation of ΦPSII 352 
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over time for four different depths. Lines represent the fitting of Eq. (1) to data collected 353 

for each depth. (B) ΦPSII plotted against depths for three time points. Average of three 354 

independent measurements. Error bars indicate one standard error.  355 

 356 

 357 

 358 

The different recovery capacity of VA and GE samples is confirmed by the rate 359 

constant of ΦPSII, kt, and its variation with depth (Fig. 3). While for GE, kt reaches high 360 

values (> 1.25 min-1 for surface and depth 2.0 cm) and decreases considerably with 361 

depth, for VA samples kt remained below 1.0 min-1, and varied much less with 362 

increasing depth. 363 

 364 

Fig. 3. Variation with depth of the rate constant of ΦPSII recovery (kt) for samples 365 

collected at VA and GE. 366 

 367 

 368 

The relative distribution of the main taxonomic groups with depth is shown in 369 

Fig. 4. Both VA and GE samples showed a clear dominance of diatoms at all depths, 370 

with the minimum diatom abundance being observed for GE samples at 6.0-6.5 cm with 371 

72 ± 4.28%. Cyanobacteria were present in almost all samples (the exception GE 372 

samples, at 6.0 cm) and euglenoids were observed only in VA samples. 373 
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 374 

 375 

 376 

Fig. 4. Variation with depth of the relative abundance of three main taxonomical groups 377 

(diatoms, cyanobacteria and euglenoids) in sampling sites VA (A) and GE (B). Cells 378 

categorized as ‘other’ were in most cases unidentified.  379 

 380 

 381 

3.2. Subsurface vertical migration 382 

 383 
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Fig. 5 shows the results of two independent experiments following the variation of sub-384 

millimeter vertical profiles of Chl a concentration during a low tide period. In both 385 

cases, a clear surface accumulation of microalgal biomass was observed in all sampled 386 

depths, but mainly above 0.4 mm. On some occasions, a subsurface maximum was 387 

observed, denoting the upward movement of cells toward the surface. Although the 388 

experiments started from homogenized slurries, already in the first sampling occasion 389 

some cell accumulation towards the surface was observed, indicating that vertical 390 

migration towards the surface started immediately after the homogenization of the 391 

sediment. Maximum Chl a concentrations (308.9 and 275.7 µg mm-3) were reached at 392 

the time coinciding with the time of low tide in the field, which was 3 h after the start of 393 

the experiment. Thereafter, a downward bulk movement appeared to have started, 394 

corresponding to the downward migration anticipating the incoming tide in the field. In 395 

both experiments, the total Chl a in the uppermost 1 mm increased over time, denoting 396 

the accumulation of cells originating from deeper layers due to vertical migration 397 

occurring below the surface (Fig. 5). 398 

 399 

 400 

Fig. 5. Variation of sub-millimeter scale Chl a vertical profiles over the time course of a 401 

diurnal low tide exposure. Panels A and B refer to two independent experiments. 402 

Average of three independent samples.  403 
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 404 

The two experiments differed such that in the latter (Fig. 5B), the total Chl a 405 

reached a maximum and started to decrease before the end of the measuring period, 406 

while in the former (Fig. 5A) it continued to increase throughout the whole sampling 407 

period (Fig. 6).  408 

 409 

 410 

Fig. 6. Depth-integrated Chl a content over the time course of a diurnal low tide 411 

exposure, during two independent experiments (from data shown in Fig. 5). Arrow 412 

indicates the low tide peak at the corresponding sampling side.  413 

 414 

 415 

 416 

 417 

3.3. Vertical distribution of MPB biomass 418 

 419 
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Sediment cores sampled in VA showed the highest Chl a content at the surface, 420 

averaging 28.4 ± 1.93 µg Chl a g-1, which gradually decreased with depth to a minimum 421 

of 4.0 ± 0.96 µg Chl a g-1 at 10 cm (Fig. 7a). The lowest surface Chl a content was 422 

measured in GE samples, reaching only 5.5 ± 1.58 µg Chl a g-1, and decreasing to a 423 

minimum of 0.90 ± 0.31µg Chl a g-1 at the depth of 10 cm (Fig. 7c). Sediment cores 424 

sampled in TO showed intermediate values, reaching 15.85 ± 2.22 µg Chl a g-1 at the 425 

surface and minimum values of 4.57 ± 1.58 µg Chl a g-1 at 10 cm (Fig. 7b). In all cases, 426 

the decrease with depth followed a negative exponential-like pattern, which enabled a 427 

very good fit of Eq. (2) (r2 > 0.96 in all cases) and estimation of parameters C0, kC, and 428 

Cd for each type of sediment (Fig. 7). The values of kC were similar in VA and GE 429 

samples (1.11 and 1.26 cm-1, respectively), despite the large difference in Chl a content 430 

of the two profiles (Fig. 7). The TO samples showed an intermediate Chl a content and 431 

a much lower rate of decrease (kC = 0.53 cm-1), indicating a more vertically 432 

homogeneous profile. In all cases, the profiles tend to a non-null constant Chl a content 433 

level (Cd).  434 

 435 

 436 
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 437 

Fig. 7. Depth profiles of Chl a content in the three sampling sites VA (A), TO (B) and 438 

GE (C). Line represents the fitting of Eq. (2). The estimated values of the parameters of 439 

Eq. (2) C0, kC, and Cd are shown. Average Chl a concentration of nine sediment cores. 440 

Error bars indicate one standard error. 441 

 442 

Using the estimates of the parameters C0, kC, and Cd for each site, the subsurface 443 

fraction Csub,total was calculated by applying Eq. (3), resulting in the following values: 444 

4.95 (VA), 5.17 (TO) and 2.96 (GE). These values indicate that the surface MPB 445 

biomass (0-5 mm depth range) only accounts for around one fifth to one third of the 446 

total MPB biomass present in the sediment (considered down to 10 cm). The subsurface 447 

fraction for potentially viable biomass was calculated by applying Eq. (4), and, 448 

considering the values for zv of 3.0 cm (VA) and 2.0 cm (TO, GE), resulted in the 449 

following values: 3.14 (VA), 2.30 (TO) and 1.92 (GE). These results indicate that the 450 

proportion of subsurface MPB biomass capable of regaining photosynthetic activity 451 

after surfacing reaches roughly 2-3 times the biomass present in the top 5 mm. 452 

 453 

3.4. Ecosystem-level subsurface biomass fraction 454 

 455 

Making use of the known distribution of sediment granulometry and of the Csub 456 

values for the sampled sediments, maps of the spatial distribution of the fraction of total 457 

and viable subsurface MPB biomass were produced (Fig. 8). These maps allowed 458 

classifying the intertidal areas according to the relative amount of subsurface MPB 459 

biomass. By calculating the total area of each type of sediment and corresponding Csub 460 

values, spatially-weighted averages for subsurface biomass fraction for the entire Ria de 461 

Aveiro was estimated: 3.78 for Csub,total and 2.14 for Csub,viable. 462 
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 463 

Fig. 8. Classification of the intertidal areas Ria de Aveiro regarding the ratios of total 464 

biomass and of total viable biomass to surface biomass (Csub,total and Csub,viable, 465 

respectively). Values of Csub,total and Csub,viable determined for each intertidal habitat were 466 

applied to the total intertidal area. Numbers identify the main channels: Mira Channel 467 

(1),  Ílhavo Channel (2), São Jacinto Channel (3), Espinheiro Channel (4).   468 

 469 

 470 

 471 

4. Discussion 472 
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4.1. Photosynthetic resilience 474 

 475 

This study showed that buried MPB cells s can regain PSII functionality shortly 476 

after being exposed to surface conditions, although it varied between the two sediment 477 

types. These results expand the findings of Wasmund (1989) on subtidal MPB, which 478 

demonstrated that buried microalgae are able to fix CO2 after exposure to light in one 479 

sediment sample. The present study includes, however, photosynthetic recovery kinetics 480 

in muddy and sandy sediments inhabiting MPB. Samples from muddy sediments (VA) 481 

showed that the capacity to recover was extended to deeper layers than those of the 482 

sandy site GE. The capacity to recover was related to the initial physiological status at 483 

each depth, as initial ΦPSII levels decreased with depth. Cell viability was seen to 484 

decrease with depth in both sampling sites, and cells found in deeper layers can be 485 

thought to have spent longer periods away from the surface. The idea that cells from GE 486 

spend more time buried may contradict what is expected from the fact that muddy 487 

sediments are typically more cohesive than sandier ones. However, it distinct lifeforsm 488 

(no motile, epipsammic in sandy, vs motile eipipelic froms in dominated in 489 

muddysediemnts) might be part of the explanation. Furthermore, surface biomass in VA 490 

was higher than in GE, thus may have been less prone to resurface buried cells by 491 

vertical mixing (Delgado et al., 1991). However, the higher kC values observed for GE 492 

samples, representing a steeper vertical variation in Chl a, is indicative of a lower 493 

degree of vertical mixing. When exposed to photosynthesis-promoting conditions, 494 

buried MPB cells recovered PSII activity in a relatively short period (3 h), but only to a 495 

fraction of the ΦPSII values observed at the surface. It may be hypothesized that the 496 

recovery of the photosynthetic activity occurs in a two-step process: the described fast 497 
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induction leading to intermediate, depth-dependent ΦPSII levels, being followed by a 498 

longer acclimation process leading to the full recovery of ΦPSII to values comparable to 499 

those at the surface. 500 

Viable cells were found at depths considerably larger (cm-scale) than the depth 501 

of the photic zone or its vicinity (sub-millimeter scale). Together with the ability to 502 

regain PSII functionality within 3h, demonstrates its ecological relevant. This buried 503 

fraction of MPB biomass allows to act as a reservoir for replacing cells at the surface 504 

which may be suddenly removed by resuspension or grazing. This could attenuate 505 

fluctuations in the productive biomass formed by microalgal cells present in the photic 506 

zone. This in turn may contribute to increase the resilience of MPB communities in face 507 

of external perturbations, and to reinforce the role of MPB as source of cells for 508 

phytoplankton (Barnett et al., 2015; Guarini et al., 2004; Lewis et al., 1999). 509 

This functional resilience requires that benthic diatoms (i) can survive for long 510 

periods in darkness and in anoxia and (ii) maintain the capacity to promptly resume 511 

photosynthetic activity. There is solid experimental evidence that some diatoms can 512 

survive long periods of darkness (Antia and Cheng, 1970; Itakura et al., 1997; Murphy 513 

and Cowles, 1997; Peters and Thomas, 1996; Reeves et al., 2011; Smayda and Mitchell-514 

Innes, 1974). Already in the 1970s (Antia and Cheng, 1970) it was found that 515 

Phaeodactylum tricornutum was able to survive up to six months in the dark, with a few 516 

individuals surviving up to 17 months. Subsequent studies have confirmed that 517 

planktonic centric diatoms species were also capable of withstanding long dark periods. 518 

Thalassiosira antarctica, T. tunida and Proboscis inermis were shown to survive from 519 

four to nine months in the dark, maintaining high levels of photosynthesis during the 520 

first three months (Peters and Thomas, 1996), 521 
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Survival in darkness or while buried is supported by the formation of 522 

morphological unchanged resting cells (Jewson et al., 2006; McQuoid and Hobson, 523 

1996), or sporulation (Sugie and Kuma, 2008). The latter was shown by both laboratory 524 

(Durbin, 1978; Jochem, 1999; Lewis et al., 1999) and field studies, using diatoms from 525 

deep sea (Cahoon et al., 1995; Wasmund, 1989), Antarctic sediments (Wulff, 2008), or 526 

the alteration of the gene expression level of the LHCs family as described by Nymark 527 

et al., (2013). Diatoms thus have the capacity to live heterotrophically, enabling survival 528 

based on organic energy sources (Kamp et al., 2011; Lewin, 1953; McMinn and Martin, 529 

2013; Schaub et al., 2017; Tuchman et al., 2006). Facultative heterotrophy of diatoms is 530 

a long-known mechanism enabling survival in the absence of light (Lewin, 1953). 531 

Although it seems more common among pennate, benthic forms (Lewin and Hellebust, 532 

1970; Rivkin and Putt, 1987), it was shown to also occur in centric diatoms (Kamp et 533 

al., 2013; White, 1974). Peters, (1996) suggested a re-utilization of organics derived 534 

from senescent members of the population, which is a plausible scenario in the case of 535 

buried MPB populations.  536 

The reactivation of photosynthetic activity of diatoms after prolonged dark 537 

periods has also been shown to occur in a variety of conditions and for different species. 538 

The pennate species P. tricornutum and several other diatom species are able to resume 539 

growth in light after 24 to 68 weeks in the dark (Antia and Cheng, 1970), and ice 540 

diatoms are able to resume photosynthetic activity after 64 days in darkness (Wulff et 541 

al., 2008). The fast recovery of photosynthetic activity seems to be based on the ability 542 

of diatoms to maintain a functional photosynthetic apparatus during dark periods 543 

(Nymark et al., 2013), supported by a very slow degradation of photosynthetic pigments 544 

during long periods of darkness and anoxia (Jewson et al., 2006; Kamp et al., 2013; 545 

Larson and Sundbäck, 2012; Wasmund, 1989).  546 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
The significance of buried MPB regaining its photosynthetic activity presented 547 

in this study nevertheless is limited in two main ways: first, they do not provide any 548 

indication on how long the cells had been buried before being exposed to light and air. 549 

This makes it difficult to compare the results with ones performed under controlled 550 

laboratory conditions (e.g. known time of darkness), or to relate the rates of vertical 551 

decrease of Chl a with temporal processes. A second limitation regards the fact that the 552 

techniques used cannot determine the fraction of buried cells that remain viable, as 553 

chlorophyll fluorescence indices like ΦPSII are largely independent of the absolute 554 

number of photosynthetic cells. Therefore, it will only detect signals emitted from 555 

functional cells, even if present in small numbers (Franklin et al., 2009). 556 

 557 

4.2. Subsurface vertical migration 558 

Vertical migration by benthic pennate diatoms in tidal sediments has been 559 

extensively studied (Coelho et al., 2011; Consalvey et al., 2004; Easley et al., 2005; 560 

Herlory et al., 2004; Janssen et al., 1999; Round, 1979; Underwood et al., 2005). The 561 

migratory behavior of pennate diatoms is partially controlled by endogenous rhythms, 562 

responsible for triggering movement in the absence of external stimuli (Coelho et al., 563 

2011; Frankenbach et al., 2014). Most studies have been centered on the effects of 564 

vertical migration on surface MPB biomass as a main factor controlling the 565 

photosynthetic biomass in the photic zone, and thus the instantaneous rates of carbon 566 

fixation (Serôdio et al., 2001). In comparison, only a few studies have addressed the 567 

occurrence of vertical migration below the photic zone and the changes in mm-scale Chl 568 

a vertical profiles over time (Du et al., 2010b; Kingston, 1999; Pinckney et al., 1994). 569 

The present work introduced the quantification of Chl a profiles with sub-570 

millimeter vertical resolution to monitor fluxes of microalgal biomass between the 571 
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photic zone and subsurface layers. This technique demonstrated that subsurface vertical 572 

migration can contribute to ‘reinoculate’ the photic zone. This is of great importance 573 

after a significant disturbance (bioturbation, resuspension/deposition) causing the 574 

removal of cells from the surface layers. As an increase over time of depth-integrated 575 

biomass in the 0-1.0 mm depth interval was observed (Fig. 5), migration seems to occur 576 

at layers deeper than those sampled. Therefore, it is possible that  support that cells 577 

buried down to several millimeters below the surface may reach the photic zone not 578 

only passively, as via resuspension/deposition, but as well actively, due to vertical 579 

migration. Although light incident at the sediment surface may had stimulated the 580 

upward migration of diatoms present in the illuminated layers, endogenous behavior 581 

likely played a role as well, because cells at depths of 1.0 mm may already be in the 582 

dark due to the strong light attenuation in such fine sediments.  583 

Earlier studies have measured vertical speeds of diatom migration between 0.17 584 

and 0.28 µm s-1 in natural sediment (Consalvey et al., 2004). Considering that upward 585 

migration may start more than four hours before the low tide and light exposure (Coelho 586 

et al., 2011; Frankenbach et al., 2012), motile diatoms could cover a vertical distance of 587 

about 3.2 mm along one low tide event.  588 

 589 

4.3. Vertical distribution of subsurface biomass 590 

 591 

Significant amounts of microalgal Chl a can be found at depths of several 592 

centimeters below the sediment surface (De Jonge and Colijn, 1994; Du et al., 2010a; 593 

Kingston, 1999; Sun et al., 1991). Most of these works quantified continuous cm-scale 594 

vertical profiles of Chl a of MPB, from the surface to depths often greater than those 595 

tested in the present study (10 cm) (Steele and Baird, 1968). The simple first-order 596 
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exponential model of Eq. (2) captured the main features of the vertical distribution of 597 

Chl a in all studied sediments (De Jonge and Colijn, 1994; Delgado et al., 1991; Du et 598 

al., 2010b; Sun et al., 1991; Weiqiu et al., 2013). The fitting of the model to 599 

experimental data was found to be significantly improved by adding a term for 600 

background biomass. This does not exclude however that this basal level (ranging from 601 

0.88 to 4.72 µg Chl a g-1) may not remain constant with depth and may tend to zero in 602 

deeper vertical profiles.  603 

The estimated depth-integrated biomass decreased with increasing grain size 604 

(highest in VA and lowest in GE, intermediate values for TO), confirming earlier 605 

studies where Chl a profiles were compared between muddy and sandy sediments and 606 

where MPB biomass was consistently found to be higher in the former than the latter 607 

(Brotas and Serodio, 1995; Jack J. Middelburg et al., 2000). The fitting of Eq. (2), and 608 

particularly the estimation of the decay rate kC, allows comparing the various sites 609 

regarding the shape of the vertical Chl a profile. Based on the estimates of the decay 610 

rate kC and of background biomass, Cd, two different patterns emerged. Despite showing 611 

very different absolute values at the surface, samples from VA and GE showed similar 612 

vertical decay rates (1.11 and 1.26 cm-1, respectively), while the value estimated for TO 613 

was substantially lower (kC = 0.52 cm-1). It is evident by comparing the ratio of surface 614 

biomass to Cd of VA and TO that sediments from TO appear to conceal more biomass 615 

below the surface. While surface biomass in VA was about twice as high as in TO, Cd 616 

values were similar (4.46 to 4.42 µg g-1 for VA and TO, respectively). The steepness of 617 

Chl a gradients is expected to decrease with mixing and increase with Chl a degradation 618 

(Middelburg et al., 2000; Sun et al., 1991). As such, the steeper profile observed in VA 619 

and GE may be due to lower mixing or higher pigment degradation. The observed 620 

differences may also be explained by different impacts of resuspension, as previously 621 
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shown (Middelburg et al., 2000; Sun et al., 1991). Considering the data available for the 622 

Ria de Aveiro on sediment granulometry (Plecha et al., 2014), bathymetry (Dias et al., 623 

2003; Vargas et al., 2017), and water velocity (Lopes and Dias, 2015), the results match 624 

the prediction that sediments in GE are mixed up more thoroughly than in VA.  625 

Application of Eq. (2) also evaluated the fraction of subsurface Chl a, to our 626 

knowledge not done in previous studies which characterized cm-scale vertical profiles 627 

of Chl a in estuarine or marine sediments (Du and Chung, 2009; Weiqiu et al., 2013). 628 

The proportion of MPB biomass below the surface layers was found to reach substantial 629 

values, as indicated by the large Csub,total values that were estimated, which ranged from 630 

close to 3 (GE) to values around 5 (VA and TO). These values may, however, be 631 

considered conservative estimates, since they are based on relatively short vertical 632 

profiles (0-6 cm deep, when Chl a has been reported to be found at deeper layers), and 633 

because ‘surface’ biomass was considered the top 5 mm depth interval, a depth range 634 

clearly much larger than the actual photic zone, which even for the sandy site should not 635 

exceed 1-2 mm. 636 

Based on the results of this study, the MPB can be categorized into three 637 

functional layers, i) a ‘canopy’, formed by the cells at the uppermost layers, which are 638 

photosynthetically active, and therefore actively contributing to primary production, ii) 639 

a ‘cell reserve’, formed by cells capable to quickly replace the ones in the surface layer 640 

through vertical migration, within minutes to a few hours, and iii) a large repository of 641 

cells serving as a ‘backup’ but also acting as a carbon sink.  642 

 643 

4.4. Ecosystem-level subsurface biomass and ‘blue carbon’ budgets 644 

 645 
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The proportion of total:subsurface MPB biomass (here quantified as Csub,total) 646 

may be used to estimate the amount of potentially productive subsurface biomass from 647 

available surface values. Traditionally, MPB ‘surface’ biomass has been measured by 648 

sampling the top layers of sediment, in the range 2-10 mm (Du and Chung, 2009; Kelly 649 

et al., 2001), when studies target to measure the biomass implicated in primary 650 

productivity (Laviale et al., 2015; MacIntyre and Cullen, 1995; Serôdio et al., 2001; 651 

Taylor and Paterson, 1998). More recently, optical methods such as remote sensing, 652 

based on reflectance measurements or solar-induced fluorescence became an 653 

extensively used method to estimate Chl a concentrations and create km-scale maps of 654 

MPB biomass and annual rates of primary production (Benyoucef et al., 2014; Bouman 655 

et al., 2017; Combe et al., 2005; Daggers et al., 2018; Huete et al., 2015; Kazemipour et 656 

al., 2012; Ryu et al., 2014; van der Wal et al., 2010). Thus, ‘observable’ MPB biomass 657 

is limited to the top surficial layers of sediment, missing an important fraction of 658 

standing stock of MPB biomass. Upscaling of local estimates of the fraction of Chl a 659 

present below the surface to the whole intertidal area of the Ria de Aveiro confirmed the 660 

relevance of the subsurface MPB biomass at the ecosystem level. In what can be a 661 

conservative estimate, the spatially-weighted average of Csub,total reached 3.78, 662 

indicating that more than 3/4 of the MPB biomass in the top 10 cm is sub-superficial. 663 

Considering only the potentially resilient biomass, the subsurface fraction is still 664 

substantial, with spatially-weighted Csub,viable reaching a value above 2. 665 

The quantification of MPB subsurface biomass is relevant in the context of the 666 

ongoing discussion on the importance of unvegetated estuarine intertidal areas as 667 

contributors of ecosystem-level ‘blue carbon’ budgets (Oakes and Eyre, 2014; Oreska et 668 

al., 2018). Although the estimates in the present study were based on Chl a and not 669 

directly on carbon content, being therefore more closely related to the content in 670 
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particulate organic carbon, the produced results clearly support the idea that ‘naked 671 

sediments’ colonized by MPB are major contributors to ecosystem-level blue carbon. 672 

As more than half of the intertidal area of the Ria de Aveiro are unvegetated sediments, 673 

the present results support several recent studies raising awareness for the role of these 674 

areas as major sites of blue carbon location (Oakes and Eyre, 2014; Oreska et al., 2018). 675 

As recognized by Wolanski et al. (2009), unvegetated estuarine areas have received 676 

much less attention than vegetated areas (seagrass beds, saltmarshes, mangroves). 677 

However, recent studies using 13C in situ labeling experiments showed that most 678 

sediment organic carbon is derived by MPB in both vegetated and unvegetated costal 679 

habitats, and therefore contributed to the overall sediment organic contribution (Oakes 680 

and Eyre, 2014; Oreska et al., 2018). Furthermore, the findings of this study also show 681 

that, not only is there a significant amount of microalgal-associated carbon that is 682 

‘captured and hold’ (configuring the ‘blue carbon’ paradigm), but that this biomass 683 

stored in the sediments is (at least partially) photosynthetically functional, being readily 684 

mobilizable to carry out additional carbon fixation. The results of this study show that 685 

the large amounts of MPB biomass in sub-photic layers are likely an important 686 

contributor to productive biomass, replenishing surface levels and attenuating effects of 687 

local disturbances, and function not merely as primary producers but also as a major 688 

carbon sink. 689 
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