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Abstract

Most studies on sediment-inhabiting microphytobestlare based on the biomass
present on the surface layers of intertidal flatswever, large amounts of microalgal
biomass are known to exist below the surface. $hidy tested the role of subsurface
microalgal biomass as a potential source of photbeyically active cells for the
biofilm on the surface. The resilience of burietlceas evaluated by exposing samples
from various depths to surface conditions and ingasng the recovery of
photosynthetic activity. Additionally, vertical migtion by subsurface epipelic diatoms
was followed at sub-millimeter scales to evaluaserole for transporting cells to the
vicinity of the sediment surface. Finally the raelat importance of subsurface
microalgal biomass was assessed by estimating ribygotion of subsurface:surface
biomass for different types of sediments from tha & Aveiro. Vertical profiles of
chlorophyll a, 10 cm-deep, were measured on samples from tmteetidal sites,
representative of the range of sediment charatitsrifound in this estuary. The ratio of
total biomass to surface biomass (‘subsurface ssrfraction’) based on total biomass
(0-10 cm depth intervalCsub 1ota) @nd on viable biomass (between the surface amd th
maximum depth with significant photosynthetic reeon Csupviand. The experiments
showed that buried cells were able to recover @yoihetic activity within 1.5 to 3
hours of light exposure, with the rate of recovieeyng dependent on depth and type of
sediment. Furthermore, subsurface vertical mignatias found to enable motile cells
to reach the surface from layers deeper than 1 nihmnwa low tide period. Overall, the
results showed that surface biomass (0-0.5 cm) acdpunted for one fifth to one third
of the total biomass present between the surfadel@ncm, and that the amount of

subsurface viable biomass reached 2-3 times thendss present at the surface.
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Applying the estimates @@sp totai@NdCsup vianleto the whole intertidal area of the Ria de
Aveiro, spatially-weighted averages for subsurfag@mass fractions were found to

reach 3.8 and 2.1 respectively.

Key words: burial, diatoms, epipelic, epipsammicicnophytobenthos, resilience,

subsurface, vertical migration

Highlights

- buried microphytobenthos cells can recover phatthetic activity within 3 hours
- rates of recovery of photosynthetic activityiedrwith depth and sediment type
- subsurface vertical migration allows cells buriechm deep to reach the surface

- subsurface biomass (0-10 cm) represents 3-5 tingeamount at the surface (0-0.5cm)
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1. Introduction

Microphytobenthos (MPB) comprises the communitigs photoautotrophic
eukaryotic algae and cyanobacteria living in ingait and well-lit subtidal sediments
(Underwood and Kromkamp, 1999). Diatoms, a highiyerbse group that contributes
about 20% to the global primary production and &l#@%6 of the total marine primary
productivity (Cahoon, 1999; Field, 1998; Sarthouakt 2005; Tréguer et al., 2018)
usually dominate these communities. Diatoms alseesas basis for many marine food
webs (Armbrust, 2009), constitute a key carbon @®tor heterotrophs (Middelburg et
al., 2000), and contribute to sediment stabilizatithrough the production of
extracellular polymeric substances (EPS) (Caho®A9)1L Not surprisingly, MPB has
been the object of intense research, mostly cehtere the seasonal dynamics of
biomass and estimation of annual productivity basigBenyoucef et al., 2014; Brito et
al., 2009; Du et al., 2010b; Koh et al., 2007; MbgrPoortvliet et al., 2018; Pinckney
and Zingmark, 1993; Stanley and Howard, 2013).

Most studies have focused on the microalgal bionvaiisin the photic zone,
where light penetrates enough to support photosticthactivity and primary
productivity (Herlory et al., 2004; Kelly et al.0@1; Macintyre and Cullen, 1995;
Serddio et al., 2001). However, large amounts afroalgal biomass can be found well
below the surface of the sediment (Brotas and $&rd®95; De Jonge and Colijn,
1994; Fenchel and Straarup, 1971; Mundree et @D3;2Steele and Baird, 1968). This
is especially significant considering that the phatone in sediments is very thin. It
spans from the surface to a few millimeters in gagedliments, to only fractions of a
millimeter, in muddy sediments (Cartaxana et @012 Herlory et al., 2004; Kelly et

al., 2001).
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MPB cells are continuously buried below the surface to bioturbation and
resuspension/deposition events caused by wavesuarehts during high tide (de Jonge
and van Beusekom, 1995; Kingston, 1999; Plechd. eP@l4; Ubertini et al., 2015).
Conversely, buried cells can return to the surféeeng passively transported either
during bioturbation and resuspension events, or tduhe reworking or removal of
upper layers of sediment by grazers like snailstr (Almeida et al., 1993; Hagerthey
et al., 2002), exposing cells in a newly createdase. While these processes occur in
all types of sediments, in the case of muddy sediisnthe resurfacing of cells may be
enhanced by vertical cell migration. In contrasthvgandy sediments, where the diatom
communities are mainly formed by non-motile lifefee (epipsammic) living attached
to the large sediment particles, in muddy sedimémsMPB is dominated by raphid
pennate diatoms (epipelic), able to actively moeemMeen the fine sediment particles
(Admiraal, 1984; Cahoon et al., 1995).

Although most studies have focused on the effectavfical migration on the
biomass present at the surface or in the photie Z&asley et al., 2005; Round and
Palmer, 1966; Serddio et al., 2001), motile diatonay undertake vertical migratory
movements at sedimentary depths below the illurathdayers (Frankenbach et al.,
2014; Pinckney et al., 1994). However, subsurfeagical migration has been poorly
studied and its potential importance for reachirewlyg-created surface layers is
unknown.

Subsurface biomass has been hypothesized to raprese source of
photosynthetically competent cells capable of freeulating’ the depleted surface, and
thus allowing the attenuation of in the biomassphetic zone and biofilm productivity
(Delgado et al., 1991; Easley et al., 2005). Taguires that the buried diatoms survive

prolonged periods in continuous darkness, and megaeir photosynthetic activity
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quickly (faster than growth of remaining cells) lfoting exposure to surface
conditions. In order to contribute to this procdss;ied epipelic species need to retain
their capability to migrate vertically to reach thieotic zone.

This study tested the importance of subsurfaceaaigal biomass as a potential
source of photosynthetically active cells for saefdMPB biofilms. This was pursued by
addressing the following objectives in the desdibays:

(i) to investigate if buried cells can regain preytathetic activity in a short time if
exposed to surface conditions; to determine unhiictv depth can cells recover their
photosynthetic competence. These questions wenessit by following the recovery
of photosynthetic activity of subsurface MPB samsplieom various depths, following
resurfacing and exposure to ambient light.

(i) in the case of epipelic MPB communities, tosttaf vertical migration
occurring below the surface are capable of transpprcells to the vicinity of the
sediment surface. This was studied by measuringcaémigration at sub-millimeter
vertical scales, using a recently-developed metbpdbtaining thin sediment sections.

(i) to estimate how much microalgal biomass iegant below the surface,
relative to surface levels, and to determine if gh@portion subsurface:surface biomass
varies with sediment type. These questions wergeaddd by measuring vertical
profiles of MPB biomass for various sediment tyesl quantifying the subsurface
MPB biomass, distinguishing ‘total’ biomass (down10 cm deep) and ‘viable’ (down
to the depth determined in (i)).

(iv) to estimate the amount of subsurface MPB bissnaresent at the ecosystem
level. This was estimated considering the proportibsubsurface biomass for different

types of sediments and associated MPB communiied,the spatial distribution of
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sediment types throughout the intertidal areasn# estuarine ecosystem, the Ria de

Aveiro (Portugal).

2. Material and methods

2.1. Sampling sites

The Ria de Aveiro is a mesotidal coastal lagoontlm northwest coast of
Portugal (40°38'N - 08°45'W) (Tomas et al., 201Bgtailed characterization of
physical, geomorphological, and ecological featwkethe Ria de Aveiro can be found
in Bueno-Pardo et al., (2018); Dias et al.,(2009); Tomas et al., (2014). Sampling
was carried out on intertidal sites consideredepsesentative of the overall variability
in sediment type. MPB assemblages were collectetivon channels of the lagoon:
Gafanha da Encarnacao (GE; in Canal de Mira, 4085\, 08°41'06” W), and Vista
Alegre (VA; in Canal de ilhavo, 40°37°12”" N, 08°&4t” W). The sampling sites differ
in grain size, salinity (Tomas et al., 2014; Vargasal., 2017), and water retention time
(Dias et al., 2003). Sediment granulometry rangethfsand (45.3% particles between
63 um and 125 um; 42.7% below 63 um) at GE, tore (97% of the grains smaller
the 63 um) at VA (percentages of dry weight; Sex6dt al., 2007). The MPB
communities of the two sites have distinct taxormmcomposition and
photophysiological characteristics (Frankenbachlgt2018; Ser6dio et al., 2007). To
increase the spatial resolution of the estimatiébnthe subsurface biomass at the
ecosystem-level, a third sampling site was addéas Site is located in the Canal de

Ovar, in front of Torreira (TO; 40°35” N,8°,42” W)
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2.2. Recovery of photosynthetic activity

On three consecutive days in July 2016, 12 sedimers were collected using
2 cm-diameter, 20 cm-long acrylic corers duringtolag low tide and taken to the
laboratory. There, the cores were sectioned hot@dlgrinto 5 mm-thick sections. The
sections started at depth 0, 5, 20 and 40 mm (\fA), @0, 45 and 60 mm (GE) below
the surface. In the case of GE samples, the defhvals were adjusted to reach deeper
layers because in sandy sediments resuspensiobi@ndoation are expected to cause
sediment mixing down to greater depths. Each seatias cut with a separate blade,
forming the base of a circular plastic ring 5-mnickh avoiding cross contact and
transfer of sediments between sections. Threecedpll cores for each sampling site
were used.

Shortly after sectioning, the undisturbed samplesevexposed to constant low
white light (50 pmol photons ths?), provided by a LCD digital projector (EMP-1715;
Epson, Suwa, Japan) for six hours, simulating tkeogure to surface conditions
following resurfacing. This light intensity is higanough to induce photosynthetic
activity and promote upward migration of MPB, batvl enough to avoid damaging
light stress (Serédio et al. 2006, Laviale et abl®). During this period, the
photosynthetic activity of the cells in the newlxpesed sediment surfaces was
monitored by measuringps), the effective quantum yield of photosystem Il (S
every 30 min. At the end of this period, the samplere used to quantify the Ghhnd
water content, as well as for determination of teotaic composition (see beloveg,
was measured using a Pulse Amplitude Modulated (PANbrometer (WATER-
EDDF-Universal PAM, Gademann Instruments; (Ser6di6p4), using a 6 mm-

diameter optical fiber to deliver measuring ligiidasaturating pulses (peaking at 450
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nm) and to capture the emitted fluorescedgg;, was determined by measuring steady
state () and maximum (F) fluorescence levelsbes, = (R - F)/Fy') (Genty et al.
1989). Three independent saturating pulses werkedpio each sample by positioning
the optical fiber at different non-overlapping a€d mm from the surface, 45°). The
average®pg; for each sample and time point was used in sulesgqualculations. The
variation of ®pg; over time during light exposure was described bata constant of

®ps recoveryk (min), estimated by fitting the following model:

@psp(t) = Ppsyy(ss) + [Ppsi(tg) — Ppsy(ss)]e et (1)

where ®pg)(ty) and ®pg(ss) are the PSII effective quantum vyields at tagirming of
the exposure {} and after reaching a steady state.

In order to verify the source of the observed fasmence signal at each depth,
three additional cores were sliced and exposednparable light conditions (intensity
and duration) using a second LCD digital projecteB-X14; Seiko, Japan). The cells
were harvested at the end of the experiment byfudbrescraping off the uppermost
surface layer. Samples were then fixed in Lugobkitson (concentrated, 5% lodine,
AppliChem GmbH, Germany) and stored at 4 °C. Thendance of the major
photoautotroph taxonomic groups was examined ugimdpgeotte counting chamber
(Marienfeld-Superior, Germany). Observed cells wgreuped into three categories;
diatoms, cyanobacteria, and euglenoids. Cellsileme not possible to identify were

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

2.3. Subsurface vertical migration
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To test the capacity of cells displaced to layeisWw the surface to migrate
vertically, homogenized slurries were used to sateud disturbance event such as
bioturbation or resuspension/deposition. During tae, sediment was collected from
the top 1 cm using a spatula and deposited inyaotrarnight in the laboratory. The
following day, at the time coinciding with the beging of low tide exposure in the
field, the samples were thoroughly mixed usingatdp, and the homogenized slurries
were poured into 24-wellplates as described in kgabach and Serédio (2017).
Immediately after the sample preparation, a fiashgling was carried out by collecting
surface samples of different thickness (of 0.150®5 and 1.0 mm-thick) using the
cryo-sampling technique “créme bralée” (Lavialalket2015). This procedure was
repeated during the subjective low tide period eoaicthe time of the low peak tide in
the field, and 90 min before and 90 min after tirae. The sediment samples were
immediately transferred into pre-weighted Eppendags and shock frozen in liquid
N>, and microalgal biomass was later quantified bysoeng Chl content. The
changes in biomass at each depth interval allowéallbw the variation of biomass
over time and along vertical profiles, with subdmikter resolution. Biomass present in
each depth interval below the surface (0.1-0.225-0.5 and 0.5-1.0 mm) was
estimated by subtracting the Ghtontent of a sample of a certain thickness froen th
Chl a content of the sample of thickness immediatel\érgThree replicates were
obtained for each time and depth interval. Thiseeixpent was carried out exclusively
for samples from VA, as the communities from GEdominated by epipsammic

forms, and therefore not expected to show significaotility.

2.4. Vertical distribution of subsurface biomass



240 Vertical profiles of Chla were measured in samples collected from the three
241  sampling sites described above. Sediment coresnf@6diameter, 20 cm long) were
242  collected during low tide. The cores were sectiom#d 5 mm-thick sections in the
243  uppermost 20 mm, and 20 mm-thick from 20 mm dow&a@0 mm below the surface.
244  Chl a depth profiles were quantitatively described bitifg a simple negative
245  exponential model, based on the one proposed ka8emnd Serddio (1995). The model
246 used in the present study contains a new param@gemepresenting the minimum
247  background level approached by the €lbntent as depth increases:

248

249 C(z) = Coe %% + ¢, (2)

250

251  whereC(z) andC, are the Chla content at any depth and at the surface & 0),
252  respectively, andlc represents the rate constant of &lllecay with depth. When fitting
253 the model, the median depth of each sediment sewtas used az The model was
254  used to calculate, for each type of sediment, dlie of total biomass (including surface

255 and subsurface) to surface biomass:

256

_ fOZtC(z)dz
257 Csub,total - fOZSC(Z)dZ (3)
258

259  wherez is the maximum depth where CGllwas found (considered here as 10 cm) and
260 Z is the depth defining the ‘surface’ layers (heomsidered 5 mm). This ratio, the
261  ‘subsurface biomass fractionC{,) allows to estimate the total, depth-integratedBvVIP
262 biomass from surface biomass measurements (se&)bdlg,, was also calculated

263  based on the ‘viable’ biomass, defined as the depédyrated Chla content present
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between the surface and the maximum depth at vaigehficant recovery was observed

following exposure to surface conditions:

c fOZVC(Z)dZ
sub,viable — OZSC(z)dz

(4)

where z, is the maximum depth where potentially viable edre presentz, was

determined from the results of the experimentshartgsynthetic resilience (see above).

2.5. Ecosystem-level subsurface biomass fraction

The fraction of MPB subsurface biomass was estichiethe whole intertidal
area of the Ria de Aveiro, considering the relaiop betweeCs,, values and sediment
type (granulometry) observed for the sampling si@sd the distribution of
granulometry throughout the intertidal areas of éséuary. Information on the grain
size of the sediments of the Ria de Aveiro wasiobthfrom Costa et al. (2018) and
Plecha et al. (2014). The available data is thenfaf a s matrix, values that
correspond to the size of particles where 35% lgdaticles have a lower diameter than
the announced value. For the three sampling ditesDss values were 2.9 x 10m
(VA), 3.3 x 10 m (TO) and 6 x 1® m (GE), respectively, meaning that sediments
from GE have comparably larger particles (sandy) ®A the finest (muddy). The
geographic information system software ArcGIS (EREA) was used to create a map
of the lagoon under different tidal conditions, é®n Google Earth’s satellite imagery.
Multiple images of different tidal cover situatiomgere used to map the intertidal and

subtidal areas of the estuary. For each intertil@a polygon constructed, the
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correspondenCg,, values were defined according withs data matrix. The software

calculated the areas automatically, after the cogeoreferencing.

2.6. Chlorophylla quantification

The samples used for testing recovery of PSIl fonelity and vertical
migration were extracted in 2 mL cold acetone (90%Qr Chl a vertical profiles
samples, the water content of three replicatedscaas determined for each depth on
additional replicates and the average value wag tssealculate the volume of acetone
(100%) to be added to achieve a final concentratio®0%. Chla content is given as
weight of Chla per dry weight of sediment. The dry weight wasedeined by drying
the samples at 120 °C for 24 h. In all cases,a3traction was made in the dark, 4 °C
for 24 h. Chla concentration was calculated according to Lorend®&®7). Extracts
were centrifuged (10 min, 18000 g, 4 °C). The abaonce of the supernatant was
measured at 664 and 750 nm before and after aatdn (10 pL, 1 N HCI), using a

spectrophotometer (Thermo Spectronic, Rochester,06A).

2.7. Statistical analysis

The ®pg) values measured at different depths and at thesnvere compared by

applying a two-tailed Studentfgest.

3. Reaults

3.1. Recovery of photosynthetic activity
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The exposure of buried cells to surface conditicemulted in significant and
relatively fast recovery abpg) in both types of sediments. However, the;, recovery
capacity varied markedly with depth and sedimepetyn both types of samples, the
initial values of®pg); decreased with depth. In VA sampl€ss)(tp) decreased from
0.68 + 0.03 at the surface to 0.46 + 0.06 and 8.6®2 at the depths of 2.0 and 4.0 cm,
respectively (Fig.1a). During light exposure, cglfesent at the surface showed only a
slight increase ibpgy, which stabilized at around 0.71 + 0.02 within finst hour. On
samples from deeper layers, light exposure caugkestantial increases mps;, up to
64% (4.0 cm deep, after 3 h) (Fig 1a). After 6 Higit exposure®ps) increased by
about 0.4% (0.69 = 0.007 surface), 8% (0.68 + 0.05&1lcm) and 42% (0.65 £ 0.235;
2.0 cm), 56% (0.59 + 0.026; 4 cm). For all depths, steady state values ®ps); were
significantly lower than the ones at the surfaege$t, P < 0.001). Plotting the same data
as a function of depth highlights how most of teeavery of®pg; happened within the

first 3 hours (Fig. 1b).
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Fig. 1. Recovery of PSII effective quantum yiedeh§;) of samples collected at VA
following exposure to surface conditions, for diéfiet depths. (A) Variation abpg)

over time for four different depths. Lines represtée fitting of Eq. (1) to data collected
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independent measurements. Error bars indicatetandard error.

In contrast with VA samplespps)(ty) of GE samples was generally lower,
although the variation with depth was less pronednd-urthermore, the recovery of
photosynthetic activity was essentially limitedtihe top 2.0 cm. Starting from values of
®pg; = 0.540 = 0.028, surface samples showed a smalease to 0.620 + 0.001,
reaching a steady state within the first hour giifiexposure. At 2.0 cn®ps increased
66%, from 0.20 + 0.05 to 0.43 + 0.019 in the f®8tmin of light exposure, after which
no further changes were observed (Fig. 2a). This eanparable to the increase of
®pg) observed for VA at 4.0 cm after 3 h of light expes Samples from deeper layers
(4.5 and 6.0 cm) showed only a very small recowé#ps; from about 0.22 + 0.01 to
0.26 = 0.02 and 0.22 + 0.03 to 0.26 + 0.04 respektj after 6 h of light exposure.
Vertical profiles ofd®pg) highlight how recovery was limited to the top legjemostly to

the layers 2.0 cm deep (Fig. 2b).
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Fig. 2. Recovery of PSII effective quantum yiedeh§;) of samples collected at GE

following exposure to surface conditions, for diéfiet depths. (A) Variation @bpg,
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over time for four different depths. Lines represtée fitting of Eq. (1) to data collected
for each depth. (BPpg plotted against depths for three time points. Agerof three

independent measurements. Error bars indicatetandard error.

The different recovery capacity of VA and GE sampkeconfirmed by the rate
constant ofbpg), ki, and its variation with depth (Fig. 3). While fGIE, k; reaches high
values (> 1.25 min for surface and depth 2.0 cm) and decreases @abig with
depth, for VA samples remained below 1.0 mih and varied much less with

increasing depth.

k. [min]

00 05 10 15 20 25 30

Depth [mm]

Fig. 3. Variation with depth of the rate constah®es, recovery k) for samples
collected at VA and GE.

The relative distribution of the main taxonomic gps with depth is shown in
Fig. 4. Both VA and GE samples showed a clear danmua of diatoms at all depths,
with the minimum diatom abundance being observedt6 samples at 6.0-6.5 cm with
72 + 4.28%. Cyanobacteria were present in almdssahples (the exception GE

samples, at 6.0 cm) and euglenoids were obserdgdroWA samples.
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Fig. 5 shows the results of two independent expamisifollowing the variation of sub-
millimeter vertical profiles of Chh concentration during a low tide period. In both
cases, a clear surface accumulation of microalgahéss was observed in all sampled
depths, but mainly above 0.4 mm. On some occas@rgjbsurface maximum was
observed, denoting the upward movement of cellsatdvthe surface. Although the
experiments started from homogenized slurriesadiran the first sampling occasion
some cell accumulation towards the surface was reéde indicating that vertical
migration towards the surface started immediatdtgrathe homogenization of the
sediment. Maximum Cha concentrations (308.9 and 275.7 pg Mymwere reached at
the time coinciding with the time of low tide inetifield, which was 3 h after the start of
the experiment. Thereafter, a downward bulk movensgpeared to have started,
corresponding to the downward migration anticigatime incoming tide in the field. In
both experiments, the total Calin the uppermost 1 mm increased over time, degotin
the accumulation of cells originating from deepayelrs due to vertical migration

occurring below the surface (Fig. 5).

Time gy ‘ Time gy

Fig. 5. Variation of sub-millimeter scale Chlertical profiles over the time course of a
diurnal low tide exposure. Panels A and B refemio independent experiments.

Average of three independent samples.
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The two experiments differed such that in the tatiég. 5B), the total Chh
reached a maximum and started to decrease beferentth of the measuring period,
while in the former (Fig. 5A) it continued to inase throughout the whole sampling

period (Fig. 6).
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Fig. 6. Depth-integrated Chlcontent over the time course of a diurnal low tide
exposure, during two independent experiments (idata shown in Fig. 5). Arrow

indicates the low tide peak at the correspondimgpdiag side.

3.3. Vertical distribution of MPB biomass
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Sediment cores sampled in VA showed the highesia@ointent at the surface,
averaging 28.4 + 1.93 pg Chlg, which gradually decreased with depth to a minimum
of 4.0 + 0.96 pug Cha g at 10 cm (Fig. 7a). The lowest surface @htontent was
measured in GE samples, reaching only 5.5 + 1.5€hlgp g, and decreasing to a
minimum of 0.90 + 0.31pg CHl g at the depth of 10 cm (Fig. 7c). Sediment cores
sampled in TO showed intermediate values, reachig5 + 2.22 ug Cha g* at the
surface and minimum values of 4.57 + 1.58 ug &4t at 10 cm (Fig. 7b). In all cases,
the decrease with depth followed a negative expialdike pattern, which enabled a
very good fit of Eq. (2) fr> 0.96 in all cases) and estimation of parame®gr&c, and
Cq for each type of sediment (Fig. 7). The valuek®ivere similar in VA and GE
samples (1.11 and 1.26 dnrespectively), despite the large difference i £bontent
of the two profiles (Fig. 7). The TO samples showeadntermediate CHd content and
a much lower rate of decreask: (= 0.53 cn), indicating a more vertically
homogeneous profile. In all cases, the profilesl tena non-null constant Chlcontent

level Cy).

Chl a [ug-g ']
0 10 20 30 0 10 20 30 0 10 20 30

Depth [cm]

A B C

Cg: 30.40 pg-g” Cp:12.46 pgg”| Cq: 6.10 pg-g”

ke: 1.11cm’ kc: 0.53cm’ ke:1.26cm.

Cq 4.72ugg’ — Cy: 4.53g.g" Cg: 0.88 yg-g”
. 0.986 0983 r: 0.963
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Fig. 7. Depth profiles of Chd content in the three sampling sites VA (A), TO &3

GE (C). Line represents the fitting of Eq. (2). T®imated values of the parameters of
Eq. (2)Co, ke, andCy are shown. Average Chlconcentration of nine sediment cores.
Error bars indicate one standard error.

Using the estimates of the paramet@sskc, andCy for each site, the subsurface
fraction Csyp totaWas calculated by applying Eq. (3), resulting hie following values:
4.95 (VA), 5.17 (TO) and 2.96 (GE). These valuedidate that the surface MPB
biomass (0-5 mm depth range) only accounts forrataane fifth to one third of the
total MPB biomass present in the sediment (consaldown to 10 cm). The subsurface
fraction for potentially viable biomass was calteth by applying Eq. (4), and,
considering the values fa@&, of 3.0 cm (VA) and 2.0 cm (TO, GE), resulted ire th
following values: 3.14 (VA), 2.30 (TO) and 1.92 (lsHhese results indicate that the
proportion of subsurface MPB biomass capable ofiregg photosynthetic activity

after surfacing reaches roughly 2-3 times the besyaesent in the top 5 mm.

3.4. Ecosystem-level subsurface biomass fraction

Making use of the known distribution of sedimerdrgriometry and of th€gp
values for the sampled sediments, maps of theadhsiribution of the fraction of total
and viable subsurface MPB biomass were producegl. @i. These maps allowed
classifying the intertidal areas according to tkkative amount of subsurface MPB
biomass. By calculating the total area of each tyjpgediment and correspondifg,,
values, spatially-weighted averages for subsurfg@enass fraction for the entire Ria de

Aveiro was estimated: 3.78 f@zup totrari@nd 2.14 fOCsup viable
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Fig. 8. Classification of the intertidal areas R& Aveiro regarding the ratios of total
biomass and of total viable biomass to surface BESMCsupiotar @NA Csup viable
respectively). Values dTqyp totai@NdCsyp viabiedetermined for each intertidal habitat were
applied to the total intertidal area. Numbers idgrihe main channels: Mira Channel
(1), iInavo Channel (2), Sdo Jacinto Channel (3), EspiniChannel (4).

4. Discussion
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4.1. Photosynthetic resilience

This study showed that buried MPB cells s can rega&ll functionality shortly
after being exposed to surface conditions, althaugharied between the two sediment
types. These results expand the findings of WasniL®89) on subtidal MPB, which
demonstrated that buried microalgae are able t€@xafter exposure to light in one
sediment sample. The present study includes, haweklietosynthetic recovery kinetics
in muddy and sandy sediments inhabiting MPB. Sasipten muddy sediments (VA)
showed that the capacity to recover was extendddeper layers than those of the
sandy site GE. The capacity to recover was rel@tde initial physiological status at
each depth, as initi@PSII levels decreased with depth. Cell viabilitysvgzen to
decrease with depth in both sampling sites, ard fmind in deeper layers can be
thought to have spent longer periods away fronstiteace. The idea that cells from GE
spend more time buried may contradict what is etqaefrom the fact that muddy
sediments are typically more cohesive than samuies. However, it distinct lifeforsm
(no motile, epipsammic in sandy, vs motile eipip&loms in dominated in
muddysediemnts) might be part of the explanatiamtieérmore, surface biomass in VA
was higher than in GE, thus may have been lesspgmresurface buried cells by
vertical mixing (Delgado et al., 1991). Howevetr thigherkc values observed for GE
samples, representing a steeper vertical variati@hl a, is indicative of a lower
degree of vertical mixing. When exposed to photdsssis-promoting conditions,
buried MPB cells recovered PSII activity in a relaly short period (3 h), but only to a
fraction of thedPSII values observed at the surface. It may be thyszed that the

recovery of the photosynthetic activity occurs itwa-step process: the described fast
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induction leading to intermediate, depth-depend#?$®ll levels, being followed by a
longer acclimation process leading to the full nezg of ®PSII to values comparable to
those at the surface.

Viable cells were found at depths considerablydaifgm-scale) than the depth
of the photic zone or its vicinity (sub-millimetscale). Together with the ability to
regain PSII functionality within 3h, demonstratés ecological relevant. This buried
fraction of MPB biomass allows to act as a reserfani replacing cells at the surface
which may be suddenly removed by resuspension azirgy. This could attenuate
fluctuations in the productive biomass formed bgnmalgal cells present in the photic
zone. This in turn may contribute to increase #s#lience of MPB communities in face
of external perturbations, and to reinforce theerof MPB as source of cells for
phytoplankton (Barnett et al., 2015; Guarini et 2004; Lewis et al., 1999).

This functional resilience requires that benthiatains (i) can survive for long
periods in darkness and in anoxia and (ii) maintam capacity to promptly resume
photosynthetic activity. There is solid experimérgaidence that some diatoms can
survive long periods of darkness (Antia and Chd®3,0; Itakura et al., 1997; Murphy
and Cowles, 1997; Peters and Thomas, 1996; Reeaks 2011; Smayda and Mitchell-
Innes, 1974). Already in the 1970s (Antia and Chebh§70) it was found that
Phaeodactylum tricornutunwas able to survive up to six months in the datik) a few
individuals surviving up to 17 months. Subsequenidies have confirmed that
planktonic centric diatoms species were also capablithstanding long dark periods.
Thalassiosira antarctica, T. tunidand Proboscis inermisvere shown to survive from
four to nine months in the dark, maintaining highdls of photosynthesis during the

first three months (Peters and Thomas, 1996),
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Survival in darkness or while buried is supported the formation of
morphological unchanged resting cells (Jewson t28l06; McQuoid and Hobson,
1996), or sporulation (Sugie and Kuma, 2008). Hiet was shown by both laboratory
(Durbin, 1978; Jochem, 1999; Lewis et al., 1999) @eld studies, using diatoms from
deep sea (Cahoon et al., 1995; Wasmund, 1989)rdiataediments (Wulff, 2008), or
the alteration of the gene expression level ofLtHEs family as described by Nymark
et al., (2013). Diatoms thus have the capacitiwmheterotrophically, enabling survival
based on organic energy sources (Kamp et al., 2&\in, 1953; McMinn and Martin,
2013; Schaub et al., 2017; Tuchman et al., 200)ulative heterotrophy of diatoms is
a long-known mechanism enabling survival in theeabs of light (Lewin, 1953).
Although it seems more common among pennate, lefdhms (Lewin and Hellebust,
1970; Rivkin and Putt, 1987), it was shown to alsaur in centric diatoms (Kamp et
al., 2013; White, 1974). Peters, (1996) suggestee-@tilization of organics derived
from senescent members of the population, whichptausible scenario in the case of
buried MPB populations.

The reactivation of photosynthetic activity of diats after prolonged dark
periods has also been shown to occur in a varfetpmditions and for different species.
The pennate speci€s tricornutumand several other diatom species are able to ®sum
growth in light after 24 to 68 weeks in the darkn{@& and Cheng, 1970), and ice
diatoms are able to resume photosynthetic actafiigr 64 days in darkness (Wulff et
al., 2008). The fast recovery of photosyntheticvatgtseems to be based on the ability
of diatoms to maintain a functional photosynthetigparatus during dark periods
(Nymark et al., 2013), supported by a very slowrddgtion of photosynthetic pigments
during long periods of darkness and anoxia (Jevetoal., 2006; Kamp et al., 2013;

Larson and Sundbéck, 2012; Wasmund, 1989).
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The significance of buried MPB regaining its phetabetic activity presented
in this study nevertheless is limited in two maiays. first, they do not provide any
indication on how long the cells had been buriefbtgebeing exposed to light and air.
This makes it difficult to compare the results widhes performed under controlled
laboratory conditions (e.g. known time of darkness)to relate the rates of vertical
decrease of CH with temporal processes. A second limitation rdgdhe fact that the
techniques used cannot determine the fraction oetuwcells that remain viable, as
chlorophyll fluorescence indices likéPSIl are largely independent of the absolute
number of photosynthetic cells. Therefore, it wolily detect signals emitted from

functional cells, even if present in small numb@nmanklin et al., 2009).

4.2. Subsurface vertical migration

Vertical migration by benthic pennate diatoms idati sediments has been
extensively studied (Coelho et al., 2011; Consaleewl., 2004; Easley et al., 2005;
Herlory et al., 2004; Janssen et al., 1999; RodA8d9; Underwood et al., 2005). The
migratory behavior of pennate diatoms is partialiytrolled by endogenous rhythms,
responsible for triggering movement in the absesfcexternal stimuli (Coelho et al.,
2011; Frankenbach et al., 2014). Most studies Hmeen centered on the effects of
vertical migration on surface MPB biomass as a mtnotor controlling the
photosynthetic biomass in the photic zone, and thasinstantaneous rates of carbon
fixation (Serddio et al., 2001). In comparison, yoal few studies have addressed the
occurrence of vertical migration below the photme and the changes in mm-scale Chl
a vertical profiles over time (Du et al., 2010b; gston, 1999; Pinckney et al., 1994).

The present work introduced the quantification dfl @ profiles with sub-

millimeter vertical resolution to monitor fluxes ahicroalgal biomass between the
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photic zone and subsurface layers. This technigmeodstrated that subsurface vertical
migration can contribute to ‘reinoculate’ the pleotione. This is of great importance
after a significant disturbance (bioturbation, sgmension/deposition) causing the
removal of cells from the surface layers. As arrease over time of depth-integrated
biomass in the 0-1.0 mm depth interval was obse(iagd 5), migration seems to occur
at layers deeper than those sampled. Therefoige, pbssible that support that cells
buried down to several millimeters below the swfacay reach the photic zone not
only passively, as via resuspension/deposition, dsutwell actively, due to vertical

migration. Although light incident at the sedimegqurface may had stimulated the
upward migration of diatoms present in the illun@thlayers, endogenous behavior
likely played a role as well, because cells at kdemf 1.0 mm may already be in the
dark due to the strong light attenuation in suoke Bediments.

Earlier studies have measured vertical speedsabdri migration between 0.17
and 0.28 pm$in natural sediment (Consalvey et al., 2004). @m1ing that upward
migration may start more than four hours beforelthetide and light exposure (Coelho
et al., 2011; Frankenbach et al., 2012), motiléoties could cover a vertical distance of

about 3.2 mm along one low tide event.

4.3. Vertical distribution of subsurface biomass

Significant amounts of microalgal Cla can be found at depths of several
centimeters below the sediment surface (De JondeCatijn, 1994; Du et al., 2010a,;
Kingston, 1999; Sun et al., 1991). Most of theseks@uantified continuous cm-scale
vertical profiles of Chla of MPB, from the surface to depths often greatantthose

tested in the present study (10 cm) (Steele anddB&P68). The simple first-order
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exponential model of Eq. (2) captured the mainuesst of the vertical distribution of
Chlain all studied sediments (De Jonge and Colijn,41%elgado et al., 1991; Du et
al.,, 2010b; Sun et al.,, 1991; Weiqiu et al., 201Bhe fitting of the model to
experimental data was found to be significantly rowed by adding a term for
background biomass. This does not exclude howéagrthis basal level (ranging from
0.88 to 4.72 pg Chh g*) may not remain constant with depth and may terzkto in
deeper vertical profiles.

The estimated depth-integrated biomass decreastd imgreasing grain size
(highest in VA and lowest in GE, intermediate valuer TO), confirming earlier
studies where Chd profiles were compared between muddy and sandynsets and
where MPB biomass was consistently found to bedrigh the former than the latter
(Brotas and Serodio, 1995; Jack J. Middelburg et28100). The fitting of Eq. (2), and
particularly the estimation of the decay ré&te allows comparing the various sites
regarding the shape of the vertical @hprofile. Based on the estimates of the decay
ratekc and of background biomassy, two different patterns emerged. Despite showing
very different absolute values at the surface, $asnfpom VA and GE showed similar
vertical decay rates (1.11 and 1.26 Gmespectively), while the value estimated for TO
was substantially loweik¢ = 0.52 cnit). It is evident by comparing the ratio of surface
biomass tdC4 of VA and TO that sediments from TO appear to eahenore biomass
below the surface. While surface biomass in VA wabsut twice as high as in TQy
values were similar (4.46 to 4.42 pg fpr VA and TO, respectively). The steepness of
Chl a gradients is expected to decrease with mixingiacgtase with Chh degradation
(Middelburg et al., 2000; Sun et al., 1991). Aslsube steeper profile observed in VA
and GE may be due to lower mixing or higher pigmeéegradation. The observed

differences may also be explained by different iotgaf resuspension, as previously
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shown (Middelburg et al., 2000; Sun et al., 19€gnsidering the data available for the
Ria de Aveiro on sediment granulometry (Plechal.e2814), bathymetry (Dias et al.,
2003; Vargas et al., 2017), and water velocity @opnd Dias, 2015), the results match
the prediction that sediments in GE are mixed upentimoroughly than in VA.

Application of Eq. (2) also evaluated the fractiohsubsurface Ché, to our
knowledge not done in previous studies which chareed cm-scale vertical profiles
of Chl a in estuarine or marine sediments (Du and Chun@92Weiqiu et al., 2013).
The proportion of MPB biomass below the surfacetayvas found to reach substantial
values, as indicated by the lar@e wtaValues that were estimated, which ranged from
close to 3 (GE) to values around 5 (VA and TO). sehealues may, however, be
considered conservative estimates, since they asedbon relatively short vertical
profiles (0-6 cm deep, when Chlhas been reported to be found at deeper layard), a
because ‘surface’ biomass was considered the tmonSdepth interval, a depth range
clearly much larger than the actual photic zondachieven for the sandy site should not
exceed 1-2 mm.

Based on the results of this study, the MPB cancéiegorized into three
functional layers, i) a ‘canopy’, formed by thelseht the uppermost layers, which are
photosynthetically active, and therefore activabytcibuting to primary production, ii)

a ‘cell reserve’, formed by cells capable to quycldplace the ones in the surface layer
through vertical migration, within minutes to a féwurs, and iii) a large repository of

cells serving as a ‘backup’ but also acting asrbarasink.

4.4. Ecosystem-level subsurface biomass and ‘ldd®oa’ budgets
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The proportion of total:subsurface MPB biomass €hguantified aXCsup tota)
may be used to estimate the amount of potentiathgdyrctive subsurface biomass from
available surface values. Traditionally, MPB ‘sedabiomass has been measured by
sampling the top layers of sediment, in the rand® 2am (Du and Chung, 2009; Kelly
et al., 2001), when studies target to measure thendss implicated in primary
productivity (Laviale et al., 2015; Macintyre andilién, 1995; Serédio et al., 2001,
Taylor and Paterson, 1998). More recently, optio@thods such as remote sensing,
based on reflectance measurements or solar-inddtestescence became an
extensively used method to estimate &ldoncentrations and create km-scale maps of
MPB biomass and annual rates of primary produdiiBenyoucef et al., 2014; Bouman
et al.,, 2017; Combe et al., 2005; Daggers et @lL82Huete et al., 2015; Kazemipour et
al., 2012; Ryu et al., 2014; van der Wal et al1®@0 Thus, ‘observable’ MPB biomass
is limited to the top surficial layers of sedimembjssing an important fraction of
standing stock of MPB biomass. Upscaling of locstineates of the fraction of Clal
present below the surface to the whole intertida af the Ria de Aveiro confirmed the
relevance of the subsurface MPB biomass at theystma level. In what can be a
conservative estimate, the spatially-weighted aeeraf Cgypioar reached 3.78,
indicating that more than 3/4 of the MPB biomasshi@ top 10 cm is sub-superficial.
Considering only the potentially resilient biomaske subsurface fraction is still
substantial, with spatially-weightegl,, vianereaching a value above 2.

The quantification of MPB subsurface biomass isvaht in the context of the
ongoing discussion on the importance of unvegeta&stiarine intertidal areas as
contributors of ecosystem-level ‘blue carbon’ budgd®akes and Eyre, 2014; Oreska et
al., 2018). Although the estimates in the preséumdyswere based on Clal and not

directly on carbon content, being therefore moresely related to the content in
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particulate organic carbon, the produced resuksrtt support the idea that ‘naked
sediments’ colonized by MPB are major contributtrsecosystem-level blue carbon.
As more than half of the intertidal area of the Bé&aAveiro are unvegetated sediments,
the present results support several recent studigisg awareness for the role of these
areas as major sites of blue carbon location (Oakd<yre, 2014; Oreska et al., 2018).
As recognized by Wolanski et al. (2009), unvegetatstuarine areas have received
much less attention than vegetated areas (seabetlss saltmarshes, mangroves).
However, recent studies usifdC in situ labeling experiments showed that most
sediment organic carbon is derived by MPB in batgetated and unvegetated costal
habitats, and therefore contributed to the ovesadliment organic contribution (Oakes
and Eyre, 2014; Oreska et al., 2018). Furthermbeefindings of this study also show
that, not only is there a significant amount of moalgal-associated carbon that is
‘captured and hold’ (configuring the ‘blue carbgmaradigm), but that this biomass
stored in the sediments is (at least partially)tpsynthetically functional, being readily

mobilizable to carry out additional carbon fixatiorhe results of this study show that
the large amounts of MPB biomass in sub-photic rieyare likely an important

contributor to productive biomass, replenishingae levels and attenuating effects of
local disturbances, and function not merely as annproducers but also as a major

carbon sink.

Acknowledgements

This work was supported by the Fundacéo para ac@i@a Tecnologia (FCT), through
doctoral fellowship SFRH/BD/86788/2012 to S. Framtach and by CESAM
(UID/AMB/50017 — POCI-01-0145- FEDER-007638), FCTZWES through national

funds (PID- DAC), and the co-funding by the FEDE®hin the PT2020 Partnership



696  Agreement and Compete 2020. We thank William Schfoidrevising the manuscript,
697 and two anonymous reviewers for their critical coamts.

698

699

700 References

701  Admiraal, W., 1984. The ecology of estuarine seditnehabiting diatoms. Prog.

702 Phycol. Res. 3, 269-322.

703  Almeida, P.R., Moreira, F., Costa, J.L., Assis, C@osta, M.J., 1993. The feeding

704 strategies of Liza ramada (Risso, 1826) in freghlaackish water in the River
705 Tagus, Portugal. Journal of Fish Biology. J. Fishl.B12, 95-107.
706 https://doi.org/10.1111/j.1095-8649.1993.tb00308

707  Antia, N.J., Cheng, J.Y., 1970. The survival of @geultures of marine planktonic
708 algae from prolonged exposure to darkness at 2BRgcologia 9, 179-183.

709 https://doi.org/http://dx.doi.org/10.2216/i0031-888-2-179.1

710 Armbrust, E.V., 2009. The life of diatoms in thendds oceans. Nature 459, 185-92.

711 https://doi.org/10.1038/nature08057

712  Barnett, A., Méléder, V., Blommaert, L., Lepetit, Baudin, P., Vyverman, W., Sabbe,

713 K., Dupuy, C., Lavaud, J., 2015. Growth form de$ipdysiological
714 photoprotective capacity in intertidal benthic dias. ISME J. 9, 32-45.
715 https://doi.org/10.1038/ismej.2014.105

716  Benyoucef, I., Blandin, E., Lerouxel, A., Jesus,®osa, P., Méléder, V., Launeau, P.,
717 Barillé, L., 2014. Microphytobenthos interannuatiadons in a north-European
718 estuary (Loire estuary, France) detected by visitfimred multispectral remote

719 sensing. Estuar. Coast. Shelf Sci. 136, 43-52.



720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

https://doi.org/10.1016/j.ecss.2013.11.007

Bondoc, K.G. V., Lembke, C., Lang, S.N., Germer&lt,Schuster, S., Vyverman, W.,
Pohnert, G., 2018. Decision-making of the bentiatain Seminavis robusta
searching for inorganic nutrients and pheromorf&§ig J.

https://doi.org/10.1038/s41396-018-0299-2

Bouman, H.A., Platt, T., Doblin, M., Figueiras, F.Gudfinnsson, H.G., Huang, B.,
Hickman, A., Jackson, T., Lutz, V.A., Rey, F., Ref®., Segura, V., Tilstone,
G.H., Dongen-Vogels, V. Van, 2017. Photosyntheisiadiance parameters of
phytoplankton: synthesis of a global data set neaiitarth Syst. Sci. Data Discuss.

251-266. https://doi.org/10.1594/PANGAEA.874087

Brito, A., Newton, A., Tett, P., Fernandes, T.R0Q. Temporal and spatial variability
of microphytobenthos in a shallow lagoon: Ria Fasen{Portugal). Estuar. Coast.

Shelf Sci. 83, 67-76. https://doi.org/10.1016/jsc2609.03.023

Brotas, V., Serodio, J., 1995. A mathematical mdaolethe vertical distribution of
Chlorophyll a in esturaine intertidal sedimentsthid¢elands J. Aquat. Ecol. 29,

315-321. https://doi.org/10.1007/BF02084230

Bueno-Pardo, J., Garcia-Seoane, E., Sousa, Ag¢lh6aJl.P., Morgado, M.,
Frankenbach, S., Ezequiel, J., Vaz, N., Quinting Rédrigues, A.M., Leandro, S.,
Luis, A., Serddio, J., Cunha, M.R., Calado, A.Jllebg, A., Rebelo, J.E.,
Queiroga, H., 2018. Trophic web structure and estesy attributes of a temperate
coastal lagoon (Ria de Aveiro, Portugal). Ecol. idd378, 13-25.

https://doi.org/10.1016/j.ecolmodel.2018.03.009

Cahoon, L.B., 1999. The role of benthic microalgaeeritic ecosystems. Oceanogr.



743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

Mar. Biol. an Annu. Rev. 37, 47-86.

Cahoon, L.B., Lawst, R.A., Thomas, C.J., 1995. \Gabatoms and chlorophyll a in
continental slope sediments off Cape Hatteras,iNOarolina. Deep. Res. Il 41,

767-782.

Cartaxana, P., Ruivo, M., Hubas, C., Davidsorerodio, J., Jesus, B.M., 2011.
Physiological versus behavioral photoprotectiomtartidal epipelic and
epipsammic benthic diatom communities. J. Exp. B&. Ecol. 405, 120-127.

https://doi.org/10.1016/j.jembe.2011.05.027

Coelho, H., Vieira, S., Seradio, J., 2011. Endogsneersus environmental control of
vertical migration by intertidal benthic microalggadogenous versus
environmental control of vertical migration by irttdal benthic microalgae. Eur. J.
Phycol. Eur. J. Phycol 463, 271-281.

https://doi.org/10.1080/09670262.2011.598242

Combe, J.P., Launeau, P., Carrere, V., Despamé&éder, V., Barillé, L., Sotin, C.,
2005. Mapping microphytobenthos biomass by noralimeversion of visible-
infrared hyperspectral images. Remote Sens. Env&®n371-387.

https://doi.org/10.1016/j.rse.2005.07.010

Consalvey, M., Paterson, D.M., Underwood, G.J.G042 The Ups and Downs of Life
in a Benthic Biofilm: Migration of Benthic DiatomBiatom Res. 19, 181-202.

https://doi.org/10.1080/0269249X.2004.9705870

Costa, S., Picado, A., Vaz, N., Coelho, C., PortelaDias, J.M., 2018. Climate
Change Effects on Suspended Sediment Dynamic€oaatal Lagoon: Ria de

Aveiro (Portugal). J. Coast. Res. 85, 521-525 shiffjoi.org/10.2112/S185-105.1



766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

Daggers, T.D., Kromkamp, J.C., Herman, P.M.J.,d@nWal, D., 2018. A model to
assess microphytobenthic primary production inl sgatems using satellite
remote sensing. Remote Sens. Environ. 211, 129-145.

https://doi.org/10.1016/j.rse.2018.03.037

De Jonge, V.N., Colijn, F., 1994. Dynamics of mpngtobenthos biomass in the Ems

Estuary. Mar. Ecol. Prog. Ser. 104, 185-196. hifjs:0rg/10.3354/meps104185

De Jonge, V.N., van Beusekom, J.E.E., 1995. Wiadd tideJinduced resuspension of
sediment and microphytobenthos from tidal flatthie Ems estuary. Limnol.

Oceanogr. 40, 776—778. https://doi.org/10.43199@5140.4.0776

Delgado, M., de Jonge, V.N., Peletier, H., 199 1péfknents on resuspension of natural
microphytobenthos populations. Mar. Biol. 108, 3248.

https://doi.org/10.1007/BF01344347

Dias, J.M., Lopes, J.F., Dekeyser, I., 2003. A nucaésystem to study the transport
properties in the Ria de Aveiro lagoon. Ocean [33).220-231.

https://doi.org/10.1007/s10236-003-0048-5

Dias, J.M., Lopes, J.F., Dekeyser, I., 1999. Hyatyaal characterisation of Ria de
Aveiro, Portugal, in early summer. Oceanol. Acta423-485.

https://doi.org/10.1016/S0399-1784(00)87681-1

Du, G.Y., Chung, I.K., 2009. Estimating areal proiilon of intertidal
microphytobenthos based on spatio-temporal commdygitamics and laboratory
measurements. Ocean Sci. J. 44, 189-197. httpsofigld0.1007/s12601-009-

0017-0

Du, G.Y., Oak, J.-H.H., Li, H., Chung, I.-K.K., 204. Effect of light and sediment



789 grain size on the vertical migration of benthictdras. Algae 25, 133-140.

790 https://doi.org/10.4490/algae.2010.25.3.133

791  Du, G.Y., Son, M., An, S., Chung, I.K., 2010b. Teargd variation in the vertical

792 distribution of microphytobenthos in intertidaltBeof the Nakdong River estuary,
793 Korea. Estuar. Coast. Shelf Sci. 86, 62—70.
794 https://doi.org/10.1016/j.ecss.2009.10.008

795  Durbin, E.G., 1978. Aspects of the Biology of RegtSpores of halassiosira
796 nordenskioeldiandDetonula confervacellar. Biol. (1978) 45: 31.

797 https://doi.org/10.1007/BF00388975

798 Easley, J.T., Hymel, S.N., Plante, C.J., 2005. Tawadgoatterns of benthic microalgal
799 migration on a semi-protected beach. Estuar. C&aslif Sci. 64, 486—496.

800 https://doi.org/10.1016/j.ecss.2005.03.013

801 Fenchel, T., Straarup, B.J., 1971. Nordic Socidaigo®Vertical Distribution of

802 Photosynthetic Pigments and the Penetration oftliigMarine Sediments
803 Vertical distribution of photosynthetic pigmentgdahe penetration of light in
804 marine sediments 22, 172-182.

805 Field, C.B., 1998. Primary Production of the Biosph Integrating Terrestrial and
806 Oceanic Components. Science (80-. ). 281, 237-240.

807 https://doi.org/10.1126/science.281.5374.237

808 Frankenbach, S., Pais, C., Martinez, M., Laviale, Btequiel, J., Serédio, J., 2014.
809 Evidence for gravitactic behaviour in benthic drato Eur. J. Phycol. 49, 429-435.

810 https://doi.org/10.1080/09670262.2014.974218

811 Frankenbach, S., Serddio, J., 2017. One pulsdjghtecurve: Fast characterization of



812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

the light response of microphytobenthos biofilmmgshlorophyll fluorescence.

Limnol. Oceanogr. Methods 15, 554-566. https:/aitgi10.1002/lom3.10180

Franklin, D.J., Choi, C.J., Hughes, C., Malin, Berges, J.A., 2009. Effect of dead
phytoplankton cells on the apparent efficiency lodfosystem II. Mar. Ecol. Prog.

Ser. 382, 35-40. https://doi.org/10.3354/meps07967

Guarini, J.M., Gros, P., Blanchard, G., Richard HAilon, A., 2004. Benthic
contribution to pelagic microalgal communitieswotsemi-enclosed, European-
type littoral ecosystems (Marennes-Oléron Bay amiilon Bay, France). J. Sea

Res. 52, 241-258. https://doi.org/10.1016/j.se20€xl.04.003

Hagerthey, S.E., Defew, E.C., Paterson, D.M., 2Q2ae on Intertidal Benthic
Diatom Assemblages Under Different Nutrient and pemture Regimes. Mar.

Ecol. Prog. Ser. 245, 47-59.

Herlory, O., Guarini, J.M., Richard, P., Blancha®&lF., 2004. Microstructure of
microphotobenthic biofilm and its spatio temporghdmics in an intertidal

mudflat (Aiguillon Bay, France). Mar Ecol Prog $82, 33-44.

Hopkins, J.T., 1966. The role of water in the bebawof an estuarine mud-flat diatom.
J. Mar. Biol. Assoc. United Kingdom 46, 617-626.

https://doi.org/10.1017/S0025315400033373

Huete, A., Ponce-campos, G.E., Zhang, Y., Restamape, N., Ma, X., Moran, M.S.,

2015. Monitoring Photosynthesis from Space. pp23-2

Itakura, S., Imai, 1., Itoh, K., 1997. “Seed bam{’coastal planktonic diatoms in bottom
sediments of Hiroshima Bay, Seto Inland Sea, Ja@an. Biol. 128, 497-508.

https://doi.org/10.1007/s002270050116



835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

Janssen, M., Hust, M., Rhiel, E., Krumbein, W.B94. Vertical migration behaviour
of diatom assemblages of Wadden Sea sediments éBai@@ermany): A study

using cryo-scanning electron microscopy. Int. Mimod. 2, 103—-110.

Jewson, D.H., Lowry, S.F., Bowen, R., 2006. Co4exise and survival of diatoms on
sand grains. Eur. J. Phycol. 41, 131-146.

https://doi.org/10.1080/09670260600652903

Jochem, F.J., 1999. Dark survival strategies inmegshytoplankton assessed by
cytometric measurement of metabolic activity withofescein diacetate. Mar.

Biol. 135, 721-728. https://doi.org/10.1007/s002W673

Kamp, A., de Beer, D., Nitsch, J.L., Lavik, G.,&tiP., 2011. Diatoms respire nitrate to
survive dark and anoxic conditions. Proc. Natl. d\c&ci. 108, 5649-5654.

https://doi.org/10.1073/pnas.1015744108

Kamp, A., Stief, P., Knappe, J., De Beer, D., 2(R&sponse of the ubiquitous pelagic
diatom Thalassiosira weissflogii to darkness armkan PLoS One 8, 1-11.

https://doi.org/10.1371/journal.pone.0082605

Kazemipour, F., Launeau, P., Méléder, V., 2012.rbpbytobenthos biomass mapping
using the optical model of diatom biofilms: Applica to hyperspectral images of
Bourgneuf Bay. Remote Sens. Environ. 127, 1-13.

https://doi.org/10.1016/j.rse.2012.08.016

Kelly, J.A., Honeywill, C., Paterson, D.M., 2001idvbscale analysis of chlorophyll-a
in cohesive, intertidal sediments: the implicatiofsnicrophytobenthos
distribution. J. Mar. Biol. Assoc. United Kingdor,8.51-162. https://doi.org/Doi

10.1017/S0025315401003496



858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

Kingston, M.B., 1999. Wave Effects on the Vertibagration of Two Benthic
Microalgae: Hantzschia virgata var. intermedia Badlena proxima. Estuaries 22,

81. https://doi.org/10.2307/1352929

Koh, C.-H., Khim, J.S., Araki, H., Yamanishi, H.p#a, K., 2007. Within-day and
seasonal patterns of microphytobenthos biomassndigied by co-measurement of
sediment and water column chlorophylls in the indat mudflat of Nanaura, Saga,
Ariake Sea, Japan. Estuar. Coast. Shelf Sci. Z522

https://doi.org/10.1016/j.ecss.2006.10.005

Larson, F., Sundback, K., 2012. Recovery of micybpibenthos and benthic functions
after sediment deposition. Mar. Ecol. Prog. Seé, 81-44.

https://doi.org/10.3354/meps09488

Laviale, M., Ezequiel, J., Pais, C., CartaxanaSErQdio, J., 2015. The “créme brilée”
sampler: A new high-resolution method for the fastical sampling of intertidal
fine sediments. J. Exp. Mar. Bio. Ecol. 468, 37-44.

https://doi.org/10.1016/j.jembe.2015.03.013

Lewin, J., Hellebust, J.A., 1970. Heterotrophicritioin of the marine pennate diatom,
Cylindrotheca fusiformisCan. J. Microbiol. 16, 1123-1129.

https://doi.org/10.1139/m70-188

Lewin, J.C., 1953. Heterotrophy in diatoms. J. Qéitrobiol. 9, 305-313.

https://doi.org/10.1099/00221287-9-2-305

Lewis, J., Harris, A.S.D., Jones, K.J., Edmondg, ,R.999. Long-term survival of
marine planktonic diatoms and dinoflagellates oredl sediment samples. J.

Plankton Res. 21, 343-354. https://doi.org/10.1088Kkt/21.2.343



881

882

883

884

885

886

887

888

889

890

891

892

893

894

895

896

897

898

899

900

901

902

903

Lopes, C.L., Dias, J.M., 2015. Tidal dynamics ichanging lagoon: Flooding or not
flooding the marginal regions. Estuar. Coast. S8elf 167, 14-24.

https://doi.org/10.1016/j.ecss.2015.05.043

Lorenzen, C.J., 1967. Determination of Chlorophayll Pheo-Pigments:
Spectrophotometric Equations. Limnol. Oceanogr.343-346.

https://doi.org/10.4319/10.1967.12.2.0343

Macintyre, H.L., Cullen, J.J., 1995. Fine-scaleticat resolution of chlorophyll and
photosynthetic parameters in shallow-water bentiWas. Ecol. Prog. Ser. 122,

227-238. https://doi.org/Doi 10.3354/Meps122227

McLachlan, D.H., Brownlee, C., Taylor, A.R., GeidBrJ., Underwood, G.J.C., 2009.
Light-induced motile responses of the estuarindtbenliatoms Navicula
perminuta and Cylindrotheca closterium (bacillahggeae). J. Phycol. 45, 592—

599. https://doi.org/10.1111/j.1529-8817.2009.00881

McMinn, A., Martin, A., 2013. Dark survival in a waing world. Proc. R. Soc. Biol.

Sci. 280, 20122909. https://doi.org/10.1098/rspb222909

McQuoid, M.R., Hobson, L.A., 1996. Diatom restingges. J. Phycol. 32, 889-902.

https://doi.org/10.1111/j.0022-3646.1996.00889.x

Middelburg, J.J., Barranguet, C., Boschker, H. TH&rman, P.M.J., Moens, T., Heip,
C.H.R., 2000. The fate of intertidal microphytoldesg carbon: An in situ 13C-
labeling study. Limnol. Oceanogr. 45, 1224-1234.

https://doi.org/10.4319/10.2000.45.6.1224

Moerdijk-Poortvliet, T.C.W., van Breugel, P., Sapke Beauchard, O., Stal, L.J.,

Boschker, H.T.S., 2018. Seasonal changes in tlehéioical fate of carbon fixed



904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

by benthic diatoms in intertidal sediments. Limr@teanogr. 63, 550-569.

https://doi.org/10.1002/In0.10648

Mundree, S., Perissinotto, R., Nozais, C., 2008s8eal variations in the vertical
distribution of benthic microalgae in the upperisesht of the Mdloti Estuary,

South Africa. Bot. Mar. 46, 323—-331. https://dajdi0.1515/BOT.2003.029

Murphy, A.M., Cowles, T.J., 1997. Effects of darka@®n multi-excitation in vivo
fluorescence and survival in a marine diatom. Lim@zeanogr. 42, 1444-1453.

https://doi.org/10.4319/10.1997.42.6.1444

Nymark, M., Valle, K.C., Hancke, K., Winge, P., Aeden, K., Johnsen, G., Bones,
A.M., Brembu, T., 2013. Molecular and Photosynth&esponses to Prolonged
Darkness and Subsequent Acclimation to Re-lllunmmain the Diatom
Phaeodactylum tricornutum. PLoS One 8.

https://doi.org/10.1371/journal.pone.0058722

Oakes, J.M., Eyre, B.D., 2014. Transformation atd bf microphytobenthos carbon in
subtropical, intertidal sediments: Potential fardeterm carbon retention revealed
by 13C-labeling. Biogeosciences 11, 1927-1940sHttwi.org/10.5194/bg-11-

1927-2014

Oreska, M.P.J.J., Wilkinson, G.M., McGlathery, KBost, M., Mckee, B.A., 2018.
Non-seagrass carbon contributions to seagrass eetlbtue carbon. Limnol.

Oceanogr. 63, S3—-S18. https://doi.org/10.1002/cl8

Perkins, R.G., Lavaud, J., Serédio, J., Mouget, Chrtaxana, P., Rosa, P., Barille, L.,
Brotas, V., Jesus, B.M., 2010. Vertical cell moveirie a primary response of

intertidal benthic biofilms to increasing light @odviar. Ecol. Prog. Ser. 416, 93—



927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

946

947

948

103. https://doi.org/10.3354/meps08787

Peters, E., 1996. Prolonged darkness and diatortahiatl. Marine temperate species.
J. Exp. Mar. Bio. Ecol. 207, 43-58. https://doi/&fy1016/S0022-0981(96)02520-

8

Peters, E., Thomas, D.N., 1996. Prolonged darkawedsliatom mortality I: Marine
antarctic species. J. Exp. Mar. Bio. Ecol. 207,425

https://doi.org/10.1016/S0022-0981(96)02520-8

Pinckney, J., Piceno, Y., Love, C.R., 1994. ShatrT Changes in the Vertical

Distribution of Benthic Microalgal Biomass 9, 14531

Pinckney, J.L., Zingmark, R.G., 1993. Modeling #irenual Production of Intertidal
Benthic Microalgae in Estuarine Ecosystems. J. 8hg9, 396—407.

https://doi.org/10.1111/j.1529-8817.1993.tb00140.x

Plecha, S., Picado, A., Chambel-Leitdo, P., Did8, Vaz, N., 2014. Study of
suspended sediment dynamics in a temperate céagbdain: Ria de Aveiro

(Portugal). J. Coast. Res. 70, 604—609. https:6dypiL0.2112/SI170-102.1

Reeves, S., McMinn, A., Martin, A., 2011. The etfetprolonged darkness on the
growth, recovery and survival of Antarctic seadiagoms. Polar Biol. 34, 1019—-

1032. https://doi.org/10.1007/s00300-011-0961-x

Rivkin, R.B., Putt, M., 1987. Diel periodicity ohptosynthesis in polar phytoplankton:
Influence on primary production. Science (80-.3821285-1288.

https://doi.org/10.1126/science.238.4831.1285

Round, F.E., 1979. A diatom assemblage living betwsvsurface of intertidal sand



949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

970

971

flats. Mar. Biol. 54, 219-223. https://doi.org/100¥/BF00395784

Round, F.E., Palmer, J.D., 1966. Persistent, \@+tragration rhythms in benthic
microflora.: Il. Field and laboratory studies omtims from the banks of the river
avon. J. Mar. Biol. Assoc. United Kingdom 46, 19142

https://doi.org/10.1017/S0025315400017641

Ryu, J.H., Choi, J.K., Lee, Y.K., 2014. Potentibfemote sensing in management of
tidal flats: A case study of thematic mapping ia Korean tidal flats. Ocean

Coast. Manag. 102, 458-470. https://doi.org/10.4@ddRcoaman.2014.03.003

Sarthou, G., Timmermans, K.R., Blain, S., Trégieyr2005. Growth physiology and
fate of diatoms in the ocean: A review. J. Sea B8s25-42.

https://doi.org/10.1016/j.seares.2004.01.007

Schaub, I., Wagner, H., Graeve, M., Karsten, UL 2E&ffects of prolonged darkness
and temperature on the lipid metabolism in the tierdiatom Navicula perminuta
from the Arctic Adventfjorden, Svalbard. Polar BidD, 1425-1439.

https://doi.org/10.1007/s00300-016-2067-y

Serddio, J., 2004. Analysis of variable chloropffiylbrescence in microphytobenthos
assemblages: Implications of the use of depth-rated measurements. Aquat.

Microb. Ecol. 36, 137-152. https://doi.org/10.335¥£036137

Serddio, J., Coelho, H., Vieira, S., Cruz, S., 20@&rophytobenthos vertical
migratory photoresponse as characterised by liggponse curves of surface
biomass. Estuar. Coast. Shelf Sci. 68, 547-556.

https://doi.org/10.1016/j.ecss.2006.03.005

Serddio, J., Da Silva, J.M., Catarino, F., 2001e 0Okin vivo chlorophyll a fluorescence



972

973

974

975

976

977

978

979

980

981

982

983

984

985

986

987

988

989

990

991

992

993

994

to quantify short-term variations in the productbiemass of intertidal
microphytobenthos. Mar. Ecol. Prog. Ser. 218, 45-61

https://doi.org/10.3354/meps218045

Serddio, J., Marques da Silva, J., Catarino, Ry718londestructive tracing of
migratory rhythms of intertidal benthic microalgasng in vivo chlorophyll a

fluorescence. J. Phycol 33, 542-553.

Serddio, J., Silva, R., Ezequiel, J., Calado, B1,12 Photobiology of the symbiotic
acoel flatworm Symsagittifera roscoffensis: Algahdbiont photoacclimation and
host photobehaviour. J. Mar. Biol. Assoc. Uniteaigdom 91, 163—-171.

https://doi.org/10.1039/c4dt01108b

Serddio, J., Vieira, S.S., Barroso, F., 2007. Ralahip of variable chlorophyll
fluorescence indices to photosynthetic rates inropicytobenthos. Aquat. Microb.

Ecol. 49, 71-85. https://doi.org/10.3354/ame01129

Smayda, T.J., Mitchell-Innes, B., 1974. Dark suaViof autotrophic, planktonic marine

diatoms. Mar. Biol. 25, 195-202. https://doi.orgD7/BF00394965

Stanley, R.H.R., Howard, E.M., 2013. Quantifyingfisynthetic rates of
microphytobenthos using the triple isotope compasiof dissolved oxygen.

Limnol. Oceanogr. Methods 11, 360-373. https:/dgf10.4319/lom.2013.11.360

Steele, J.H., Baird, I.E., 1968. Production ecolofjg sandy beach. Limnol. Oceanogr.

14-25.

Sugie, K., Kuma, K., 2008. Resting spore formatiothe marine diatom Thalassiosira
nordenskioeldii under iron- and nitrogen-limitechddgions. J. Plankton Res. 30,

1245-1255. https://doi.org/10.1093/plankt/fon080



995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

1010

1011

1012

1013

1014

1015

1016

1017

Sun, M., Aller, R.C., Lee, C., 1991. Early diagesed chlorophyll-a in Long Island
Sound sediments: A measure of carbon flux andghaneworking. J. Mar. Res.

49, 379-401. https://doi.org/10.1357/00222409178899

Taylor, I.S., Paterson, D.M., 1998. Microspatiali&aon in carbohydrate
concentrations with depth in the upper millimetémtertidal cohesive sediments.

Estuar. Coast. Shelf Sci. 46, 359-370. https:#dgi10.1006/ecss.1997.0288

Tomas, L.M., Rodrigues, M., Fortunato, A.B., Azewed., Leitdo, P.C., Oliveira, A.,
Rocha, A., Lopes, J.F., Dias, J.M., 2014. Salimtdelling accuracy of a coastal
lagoon: a comparative river flow analysis of basiodel vs. traditional

approaches. J. Coast. Res. 70, 586-591. httpsovgki0.2112/S170-099.1

Tréguer, P., Bowler, C., Moriceau, B., Dutkiewi&, Gehlen, M., Aumont, O., Bittner,
L., Dugdale, R., Finkel, Z., ludicone, D., Jahn, Guidi, L., Lasbleiz, M.,
Leblanc, K., Levy, M., Pondaven, P., 2018. Influewn¢ diatom diversity on the
ocean biological carbon pump. Nat. Geosci. 11, Z27-3

https://doi.org/10.1038/s41561-017-0028-x

Tuchman, N.C., Schollett, M.A., Rier, S.T., Geddes,2006. Differential heterotrophic
utilization of organic compounds by diatoms andt&aa under light and dark
conditions. Hydrobiologia 561, 167-177. https://day/10.1007/s10750-005-

1612-4

Ubertini, M., Lefebvre, S., Rakotomalala, C., Onydt., 2015. Impact of sediment
grain-size and biofilm age on epipelic microphytaih®s resuspension. J. Exp.

Mar. Bio. Ecol. 467, 52—64. https://doi.org/10.1(3émbe.2015.02.007

Underwood, G.J.C., Kromkamp, J., 1999. Primary potidn by phytoplankton and



1018 microphytobenthos in estuaries. Adv. Ecol. Res939,153.

1019 https://doi.org/10.1016/S0065-2504(08)60192-0

1020 Underwood, G.J.C., Perkins, R.G., Consalvey, Mdanlon, A.R.M., Oxborough, K.,

1021 Baker, N.R., Paterson, D.M., 2005. Patterns in oplytobenthic primary

1022 productivity: Species-specific variation in migratory rhythnmgl ghotosynthetic
1023 efficiency in mixed-species biofilms. Limnol. Ocean. 50, 755-767.

1024 https://doi.org/10.4319/10.2005.50.3.0755

1025 van der Wal, D., Wielemaker-van den Dool, A., Hemma.M.J., 2010. Spatial
1026 synchrony in intertidal benthic algal biomass imperate coastal and estuarine

1027 ecosystems. Ecosystems 13, 338-351. https://ddi@ig07/s10021-010-9322-9

1028 Vargas, C.I.C., Vaz, N., Dias, J.M., 2017. An ewadilon of climate change effects in
1029 estuarine salinity patterns: Application to RiaAdeeiro shallow water system.

1030 Estuar. Coast. Shelf Sci. 189, 33—-45. https://dgil®.1016/j.ecss.2017.03.001

1031  Wasmund, N., 1989. Micro-autoradiographic determiamaof the viability of algae
1032 inhabiting deep sediment layers. Estuar. Coastf Ske 28, 651-656.

1033 https://doi.org/10.1016/0272-7714(89)90052-8

1034  Weiqiu, L., Jielong, Z., Guanghong, T., Hualin, Xiaohua, Y., 2013. Temporal and

1035 vertical distribution of microphytobenthos biomassnangrove sediments of
1036 Zhujiang (Pearl River) Estuary. Acta Oceanol. Sit. 82—88.
1037 https://doi.org/10.1007/s13131-013-0302-8

1038  White, W.A., 1974. Uptake of organic compoundswy facultatively heterotrophic

1039 marine centric diatoms. J. Phycol. 433-438.

1040 Wolanski, E., Brinson, M.M., Cahoon, D.R., Peril®,M.E., 2009. Coastal Wetlands:



1041

1042

1043

1044

A Synthesis. Coastal Wetlands: An Integrated Edesy#\pproach 2-38

Wulff, A., Roleda, M.Y., Zacher, K., Wiencke, CQ@3. Exposure To Sudden Light
Burst After Prolonged Darkness—a Case Study ontBeltiatoms in Antarctica.

Diatom Res. 23, 519-532. https://doi.org/10.10868229X.2008.9705774



