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Microphytobenthos (MPB), the photosynthetic primary producing component of
microbenthos, shows variable patterns in its biomass distribution along the intertidal
gradient as a result of the interactions of factors such as light, tides, temperature,
and grazing pressure. These patterns have been studied more extensively in northern
European estuaries than southern European coastal systems. Even less information is
available regarding temporal changes in MPB primary production rates in these systems.
For this reason, we followed the seasonal changes in net production in light and dark
respiration rates (determined by oxygen microelectrodes) and MPB biomass (estimated
by sediment chlorophyll a) along the intertidal gradient of the inner Cadiz Bay during
a year. Sediment cores were collected along two transects (five sampling stations per
transect) with distinct sediment granulometry: one muddy [Puerto Real (PR)] and one
muddy-sandy transect [San Fernando (SF)]. Our results show that MPB biomass and
net production increased seawards reaching their maxima in winter. In contrast to what
is observed in northern European systems, the higher solar irradiance and temperatures
occurring in summer in southern Spain likely inhibit MPB production. In Cadiz Bay,
spatial patterns of MPB biomass and net production depended on season and location
due to the environmental heterogeneity observed. Environmental variables, analyzed
by principal component analysis (PCA), were used to explain the variability of MPB
metabolism by multiple regression. Selected principal component (PC) axes explained
60% of the net production in light and 41% of the dark respiration rates variability
in PR, while they only accounted for 25% of the same rates in SF. The differences
observed between transects and the variability in the environmental variables explaining
them highlight the importance of considering the spatial heterogeneity of our system to
estimate the contribution of MPB to the inner Cadiz Bay productivity. In our case, this
contribution is significant accounting for up to 49% of the total benthic production of the
inner Cadiz Bay intertidal sediments, confirming previous global estimates.

Keywords: microphytobenthos, primary production, metabolism, intertidal sediment, oxygen microelectrodes,
chlorophyll
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INTRODUCTION

Microphytobenthos (MPB), the photosynthetic community
inhabiting the surface layer of euphotic sediments, plays a key
role in the cycling of carbon and nitrogen in estuaries and other
coastal shallow ecosystems, being able to contribute up to 50%
of their total primary production (Underwood and Kromkamp,
1999). However, patterns of MPB biomass distribution and
primary production vary strongly in estuarine ecosystems as a
result of the high variability and interactions of environmental
factors which characterizes these systems (Benyoucef et al., 2013).
Among these factors, irradiance and temperature are the ones
considered to most strongly affect MPB photosynthetic rates
(Hancke and Glud, 2004; Migné et al., 2004; Davoult et al., 2009).
In addition, a large number of other variables have been used to
explain variations in MPB abundance and composition in time
and space. Some of them include sediment type, tidal height,
sediment desiccation and compaction, grazing pressure, salinity,
topography, and nutrients availability both in the sediment
porewater and the water column (Coelho et al., 2009; Jesus et al.,
2009; Pratt et al., 2015; Garcia-Robledo et al., 2016).

The majority of studies focusing on the distribution of
MPB biomass at the sediment surface have been performed
using the pulse amplitude modulation (PAM) technique, spectral
reflectance analysis, or remote sensing (Jesus et al., 2005;
Murphy et al., 2008; Benyoucef et al., 2013). However, these
methods do not measure directly microphytobenthic primary
production (PPypg) or respiration. To quantify these processes,
methods such as benthic chamber or whole core incubations,
1C incorporation, or oxygen microsensor measurements are
required. However, these methods are difficult to upscale
in order to monitor intertidal areas at a large scale. As a
result, little is known on the distribution of MPB primary
production, respiration, and net metabolism rates at large
spatial and temporal scales. Despite this shortcoming, oxygen
microelectrodes have been used to determine the distribution
of MPB production rates in time and space, showing good
agreement with “C incubations data (Revsbech et al.,, 1981;
Barranguet et al., 1998). Oxygen measurements are then usually
upscaled to larger areas using several models of PPypp developed
for the purpose (Pinckney and Zingmark, 1993; Serddio and
Catarino, 2000). Regardless of the method used, seasonal and
spatial patterns of PPyipp, similarly to MPB biomass, have been
explained by a wide array of biotic and abiotic environmental
variables depending on the environment studied (Hubas et al.,
2006; Jesus et al., 2009; Orvain et al., 2012; Savelli et al., 2018).

Fluctuations in environmental variables result in MPB
biomass changes on temporal scales ranging from days to
seasons (Migné et al., 2004; Serddio et al., 2005). MPB seasonal
patterns seem to differ between northern and southern European
estuaries. In northern Europe, the maximum of MPB biomass
is observed in summer, whereas in southern Europe, in most
cases, the maximum is found in winter and early spring (Van
der Wal et al., 2010; Benyoucef et al., 2013; Brito et al., 2013;
Garcia-Robledo et al., 2016; Savelli et al., 2018). Seasonal patterns
with maximum values of MPB biomass in winter have also been
reported at latitudes similar to those of southern Europe, in

Korea and Japan (Goto et al, 2000; Koh et al., 2007; Kwon
et al,, 2016). In fact, intertidal MPB can adapt physiologically to
a combined light-temperature stress gradient, such as that found
along the Atlantic coast of southern Europe (Laviale et al., 2015).
Therefore, latitudinal conditions of light and temperature seem
to be important factors affecting seasonal and spatial patterns of
MPB distribution.

The spatial distribution of MPB biomass ranges from
centimeters to kilometers depending on the system (Guarini
etal.,, 1998; Maggi et al., 2017). Along the intertidal gradient, the
maximum MPB biomass is usually found at the high shore with
biomass decreasing seawards. This pattern has been observed in
both southern (Orvain et al., 2012; Brito et al., 2013; Maggi et al.,
2017) and northern European estuaries (Van der Wal et al., 2010;
Benyoucef et al., 2013), and is attributed to a higher irradiance
dose in the upper shore (i.e., due to a shallower water column
and a longer emersion period). However, in some southern
European estuaries, the long emersion period in the upper shore
produces greater sediment desiccation and exposure to extreme
temperatures, inverting the trend described (Coelho et al., 2009;
Laviale et al., 2015).

In the present study, we wanted to test two hypotheses:
(1) annual maxima in biomass and primary production occur
during the winter months at lower latitude temperate intertidal
flats, in contrast to what has been generally observed at higher
latitudes, and (2) higher biomass and net primary production
occur at the upper shore, most likely due to a higher daily
irradiance dose as a result of a lower light attenuation by the
water column in comparison to the lower intertidal range. To
test these hypotheses, we studied the seasonal distribution of
MPB biomass and net metabolism (net production in light and
dark respiration) along the intertidal gradient in the inner Cadiz
Bay (Spain, southern Europe). In addition, we tried to identify
environmental variables that could explain the variation in MPB
net metabolism in the bay, both seasonally and in space, by
multivariate and multiple regression analyses.

MATERIALS AND METHODS
Study Site and Sampling

The inner Cadiz Bay is a shallow water body, with an average
depth of less than 3 m. The intertidal zone (maximum length
9.3 km; width 5.25 km) covers ~60% of its surface. Sediment is
predominantly mud (size grain < 63 pm) (Sanchez De Lamadrid
Rey and Muioz Pérez, 1994; Carrasco et al.,, 2003). The bay is
affected by semidiurnal tides that oscillate between a maximum
tidal height of 1.75 m and a minimum of -1.5 m relative to
the local mean sea level (MSL). Circulation is mainly controlled
by tides, which is the main mechanism of water renovation.
Strong easterly winds are frequent in the region and contribute to
sediment resuspension (Gutiérrez et al., 2000; Ligero et al., 2005).
Submerged vegetation changes along the intertidal gradient,
mainly in locations with a high variability in sediment grain size
along the intertidal zone (Morris et al., 2009; Lara et al., 2016)
(Figure 1). In the inner Cadiz Bay, 70% of the intertidal area
is covered by Zostera noltei meadows, 20% is bare sediment,
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FIGURE 1 | Map of inner Cadiz Bay indicating the two studied transects: Puerto Real (PR) and San Fernando (SF). The lower panels indicate the slope profiles of
each transect and the sampling stations as a function of shore distance (axis x) and mean sea level (axis y). The approximate distribution of grain size distribution
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occasionally covered in parts by green macroalgae, whereas
the remaining 10% is shared between Caulerpa prolifera and
Cymodocea nodosa meadows, which inhabit the lower fringe of
the intertidal zone (Gomez Ordonez, 2008; Brun et al., 2015).
MPB community studies do not exist for the inner bay; however,
published experimental data using sediment from the wider bay
area indicate a dominance of diatoms which is disturbed in the

presence of green macroalgal blooms in favor of cyanobacteria
(Garcia-Robledo et al., 2008, 2012; Haro et al., 2019). Preliminary
semi-quantitative data for the inner bay sediments based on
molecular analyses indicate the presence of both diatoms and
cyanobacteria throughout the intertidal area (J. Taylor pers.
comm). Cyanobacteria show higher relative abundances (within
prokaryotes) in the upper intertidal, especially in sandier
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sediments. The most abundant genera include Pleurocapsa sp.,
Phormidium sp., and Rivularia sp. in sandy muddy sediments
and Lyngbya sp. and Coleofasciculus sp. in muddy sediments.
Diatoms also show higher relative abundance in the upper
intertidal (within eukaryotic OTUs). Most common genera
include Amphora sp., Navicula sp., Nitzschia sp., Pleurosigma sp.,
and Placoneis sp. in sandy muddy sediments and Skeletonema sp.,
Gyrosigma sp., and Navicula sp. in muddy sediments. A more
detailed description of the sampling area can be found in
Papaspyrou et al. (2013) and Jimenez-Arias et al. (2016).

Samplings were performed along two transects in the inner
Cadiz Bay, each 500 m long, once per season (July and October
2016, and January and April 2017) (Figure 1). The two transects
were selected to include the range of grain size distributions
found in the area. In Puerto Real (PR), sediment is mainly
mud, whereas in San Fernando (SF) a mixture of sand and
mud. Five stations were distributed along each transect to cover
from the upper intertidal (1.7 m above MSL in SF and 0.5 m
in PR) to the lower intertidal (-1.5 m below MSL in both
cases) (Supplementary Table 1). Samplings were performed
during spring tides (average tidal coefficient of ~80), at high
tide to ensure access by rowboat along the entire transect.
Samplings took place during the same week for both transects,
1 day per transect.

At each sampling station, six sediment cores (i.d. 5.2 cm;
27 cm length) were collected using a Kajak sediment sampler
(model 13.030, KC, Denmark). Water column samples were
also collected at each station. Cores and water samples were
kept on ice until returning to the laboratory. Upon arrival to
the laboratory, water column samples were immediately filtered
through a GF/F filter and stored frozen (—20°C) until nutrient
analyses. Sediment cores were placed in an aquarium connected
to a tank filled with in situ seawater under constant temperature
(18°C). The aquarium was illuminated with fluorescent lamps
(Lumina 1080 Blau Aquaristic) at 200 pmol photon m~2 s~!
under a 12 h light: 12 h dark photoperiod. Three cores were
sliced on the same day (upper 0.5 cm), the sediment centrifuged
at 4700 x g for 20 min at 4°C, and the supernatant preserved at
—20°C for porewater analysis.

Microsensor Measurements

Oxygen microprofiles were measured in each of three cores,
in light and in darkness, using O, microelectrodes (50 pm tip
size, Unisense A/S, Denmark). In order to obtain the maximum
potential primary production rates, O, microprofiles in light were
measured after 30 min under a saturating irradiance (1200 pmol
photon m~2s1). Dark respiration rates (Rp) and net production
of the photosynthetic layer in light (Py) were determined from
the oxygen vertical profiles by applying Fick’s first law (Revsbech
and Jorgensen, 1983; Kiihl et al.,, 1996). The oxygen diffusion
coefficient was obtained from standard values for the prevailing
conditions of salinity and temperature (Soetaert et al., 2010),
and corrected for sediment tortuosity (Li and Gregory, 1974).
Microprofiles were performed in areas within sediment cores
where no macrophytes or macroalgae were present. In the few
cases where macrophytes were abundant in sediment cores,
they were carefully removed without disturbing the sediment

surface, and microprofiles were measured only within clear
bare sediment zones.

Sediment Variables

Once oxygen microprofiles were measured, the upper 0.5 cm
sediment layer was obtained. A portion of fresh sediment (~5 g)
was used to determine sediment density as the weight of a known
volume. Porosity was determined as the loss of water of a known
volume of sediment sample after drying at 60°C for 72 h. The
percentage of fines (< 63 pwm) was determined by wet sieving
after removing organic matter with hydrogen peroxide (H,0O,)
and dispersing the sediment with sodium hexametaphosphate
(NaPO3)g (Buchanan, 1984).

Pigments’ content in the sediment was measured by extraction
of ~2 g of fresh sediment in 100% methanol buffered with
MgCOs3, for 12 h at 4°C in darkness (Thompson et al., 1999).
Samples were centrifuged at 4700 x g for 10 min (Sorvall Legend
XI1R; Thermo Scientific). Spectra of the extracts were obtained
on a microplate reader (Multiskan GO; Thermo Scientific) before
and after acidifying the methanol extract with 2 N hydrochloric
acid in order to determine phaeopigments (pheo) content. Chl a
and Chl ¢, and pheo were estimated according to Ritchie (2008)
and Stal et al. (1984), respectively.

The remaining sediment was dried at 60°C for 72 h. One
portion of the sediment (~0.5 g) was used to determine the
organic matter content by loss on ignition (Heiri et al., 2001).
Total carbon and total nitrogen (TN) contents were determined
in dried sediment samples. Organic carbon (OC) was determined
as the difference between total carbon measured in dried
sediment samples and inorganic carbon measured on a second
replicate combusted previously at 550°C for 5 h. Both samples
were analyzed on an elemental analyzer (LECO CHNS 932) at
the Central Services of the University of A Coruia.

Sediment  porewater and water column nutrient
concentrations [NH4", NO,~, NO3~, PO,3>~ and Si(OH),
hereafter referred to as dissolved silica, DSi] were measured
following standard protocols (Grasshoff et al., 1999; Garcia-
Robledo et al., 2014) on a microplate reader (Multiskan GO;
Thermo Scientific).

Physical Variables

Mean sea level of every sampling point was computed with an
independent mesh of data which combines the nautical charts
443A and 443B from the Marine Hydrographic Institute (IHM,
Spain) with further topobathymetric measurements for certain
localities (Tejedor et al., 1997). The value of MSL for a specific
XY coordinate was approached by nearest neighbor criteria to
the existing mesh. Euclidean distances to the reference nodes
were calculated with the R package “geosphere” (Hijmans et al.,
2017). This procedure allows to obtain the MSL of sampling
points with a horizontal precision always higher than 28 m (i.e.,
assuming the worst scenario, with the point placed at the same
distance from the four nodes), which is negligible due to the flat
morphometry of Cadiz Bay. Longitudinal distances within the
transects were calculated taking as a reference the station nearest
to the shore (Figure 1).
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Meteorological conditions (irradiance, temperature, rain,
and wind speed) were obtained by the Junta de Andalucia
meteorological station located in El Puerto de Santa Maria.
Values were averaged for the week before each sampling
(Supplementary Figure 1).

Annual Net Metabolism of the
Microbenthic Intertidal Sediment

In order to estimate the contribution of MPB communities to
the annual net metabolism of the intertidal zone of the inner
Cadiz Bay, we used the Py and Rp rates data obtained in the
different sediment types (e.g., bare muddy sediment, bare sandy
sediment, seagrass meadow sediment). Daily rates of Py in light
or Rp in darkness were obtained by multiplying with the hours
of daylight or darkness, respectively. Py rates were corrected for
the variability in rates observed during daylight. To do this, given
that measurements in the lab were always performed during the
maximum daylight production phase, a diel correction factor
was applied to account for the lower Py rates at the beginning
and end of the daylight phase (0.67 &+ 0.3, n = 4, Haro et al,
2019). Rp rates were considered constant during the night (Haro
et al,, 2019). Daily Py or Rp were assumed constant during each
season and were corrected for temperature differences using a
Qo of 1.56 for Py (Kwon et al., 2018) and 2.0 for Rp (Grant,
1986; Hancke and Glud, 2004). To compare the obtained data
with the literature, rates in mmol O, m~?2 year™! were converted
to mmol C m~2 year™!, assuming a photosynthetic quotient
1.2 mmol O: mmol C and a respiratory quotient 106 mmol
0O3: 138 mmol C, and expressed in g C (Hedges et al., 2002).
Finally, the annual net metabolism of the microbenthic intertidal
sediment was calculated as the difference between the annual
rates of Py in light and Rp in darkness and multiplied by the
surface cover of each habitat type in the intertidal area of the
inner Cadiz Bay.

Statistical Analysis

In order to explore potential relationships, reduce the number
of explanatory variables, and avoid collinearity effects in further
analysis, a principal component analysis (PCA) was applied
to the entire set of normalized environmental data (i.e., shore
distance, MSL, % grain size < 63 um, irradiance, air temperature,
rainfall, wind speed, porosity, salinity, OC, TN, nutrients in
the water column and porewater). Chl a, Chl ¢, and nutrients
in porewater were log-transformed prior to analysis. Then, a
multiple linear regression (MLR) model was applied using Py
or Rp as dependent variables and principal components (PCs)
obtained from the PCA as explanatory ones (Cho et al., 2009;
Lee et al., 2015). Given the biotic nature of chlorophyll and the
direct link to MPB production, chlorophylls were maintained
as independent variables and were not included in the initial
PCA. Only PCs with eigenvalues higher than 1 were selected
for MLR analysis (Jackson, 1993). Best Model variable selection
procedures were employed to identify the best empirical equation
of Px, Rp, and MPB biomass (Zuur and Ieno, 2016). Analyses
were carried out independently for each transect, due to their
different nature in terms of granulometry and environmental

features, as the contrasting results obtained by PCA corroborated.
All statistical analysis was carried out using XLSTAT 2018
(Microsoft Office 2016).

RESULTS

Abiotic Environmental Variables
Sediment along the intertidal transects studied was mainly
muddy-silt with the fine fraction (< 63 pm) accounting
for > 90% (Supplementary Table 2), with the exception of
the two upper intertidal stations in SE, where < 20% was fine
sediment. A macrophytes species zonation was observed along
the SF transect (Figure 1); Z. noltei was present in stations SF2—-
SF4, whereas dense C. prolifera canopies dominated in SF5. In PR,
sediment was covered by a visible brown diatomaceous biofilm
year round, although more intensely in winter. Green filamentous
macroalgae were also observed in the upper shore in January.
Temperature showed the typical pattern for temperate systems
with higher values in July (23.8 & 1.7°C) and lower in January
(10.1 £ 1.6°C) (Supplementary Figure 1). Rainfall was minimal
during the days previous to the sampling with only 0.15 4+ 0.3 mm
registered the week before the autumn sampling. In spring,
sampling occurred 1 week after a strong wind and slight rainfall
event (Supplementary Figure 1).

Water Column and Porewater Nutrients
Water column nutrient concentrations were higher in general in
PR than SF (Figure 2A). A clear decrease in DSi concentrations
was observed seawards, less evident in PR. Water column PO4>~
concentrations were mostly lower than 1 wM and showed a
parallel trend to that of DSi. On the other hand, NO3~ and
NH, T concentrations showed little variation in both transects,
with relatively higher values observed in PR4 (7.9 + 0.5
and 5.0 = 0.4 pwM, respectively). Overall, NO3~ was slightly
more abundant than NH4" in PR (Figure 2A), while NO,~
concentrations were below detection limits in both transects
(data no shown).

In contrast to the water column, the highest concentrations
of nutrients in the porewater were measured in SF (Figure 2B).
Furthermore, a reverse trend to that of the water column was
observed, with concentrations increasing toward lower intertidal
stations. This trend was less evident in PR than in SF for almost all
of the studied nutrients due to the higher concentrations found in
the upper shore station. In contrast to water column, NH, " was
the most available form of inorganic nitrogen in the porewater.

Organic Carbon, Total Nitrogen, and

Pigments

Organic carbon and TN contents were always higher at the
sampling stations with sediment comprising of > 90% fine
particles. Thus, in PR, OC content did not vary with MSL
(~3.5%), whereas in SF, it ranged from 4-5% in the muddy
stations to less than 1% in the sandy stations (SF1 and SF2)
(Figure 3A). TN content followed the same pattern as OC
(Figure 3B). No temporal trends were observed for either OC or
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FIGURE 2 | Seasonal mean nutrients concentrations (DSi, NOz~, NH,*, and PO4%~) (A) in the water column and (B) the porewater plotted against mean sea level
for the Puerto Real (PR; in red) and San Fernando (SF; in blue) transects. Water column and porewater values represent the mean + SE (n = 4).

TN content. The OC to TN ratio (Figure 3C) was also constant
along the transects in both PR (17.1 £ 0.4) and SF (13.5 £ 0.3),
with the exception of station SF1, where a strong temporal
variability was observed.

Microphytobenthos biomass was generally higher in SF than
in PR (Figure 4A). The highest Chl a content was observed in
both transects in January. In SE, Chl a content was threefold
higher in January than in April. Distribution of MPB biomass
between stations was more homogeneous in PR (average of 1.5 ug
chl @ cm™2) than in SF where values ranged between 0.6 and
6.13 ug chl a cm 2. In SF, the highest Chl a content was measured
at stations SF3 and SF4. In PR, higher Chl a values were measured
in the upper intertidal, whereas the opposite was true in January.

The Chl ¢ to Chl a ratio showed high spatial variability in both
transects (Figure 4B), with the lowest ratio observed at the lower
intertidal level. In PR, the highest Chl ¢ to Chl a ratio was found in
January. In SE, differences between seasons were less evident. The

pheo to Chl a ratio showed a larger spatial variability in SF (range
between 1.38 and 0.07), whereas in PR, this ratio was relatively
constant along the transect (average of 0.58) (Figure 4C). OC to
Chl a ratio did not show clear trends along the transects, although
in SF it increased slightly seawards, being up to three times higher
in SF5 than in SF1 in April and October (Figure 4D).

Seasonal and Spatial Variability of MPB

Net Metabolism

On average, Py was higher in PR (4.0 & 0.5 mmol O, m~2h7 1
than in SF (1.7 £ 0.4 mmol O, m~2 h™!) (Figure 5A). Rates
of Py in PR were much higher in January than during the
rest of the seasons, increasing near the lower intertidal level.
However, in April and October, although rates varied little
along the intertidal, the highest Py rates were measured at PR1.
In contrast, spatial variability in SF was high, with a general
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FIGURE 3 | (A) Sediment organic carbon (OC), (B) total nitrogen (TN), and (C) OC to TN ratio plotted against mean sea level for the Puerto Real (PR) and San
Fernando (SF) transects in July (yellow), April (green), October (blue), and January (red). Values represent mean values + SE (n = 3).
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slight decrease in Py seawards. No clear pattern was observed
over time.

Py rates normalized to Chl a content were five times higher in
the PR transect (0.32 & 0.1; n = 5) than the SF one (0.06 & 0.1;
n = 5) (Figure 5B). Differences between seasons were more
evident in PR than in SE with maximum values found in
January (0.44 & 0.04; n = 5). In PR, normalized Py tended to
increase seawards, whereas the opposite was true in winter. In
SE, normalized Py decreased slightly seaward, with Py turning
negative at station SF5.

Temporal patterns of Rp did not coincide between the two
transects (Figure 5C). Although Rp was maximum in January
and April in both PR and SE Rp rates varied between seasons
more in PR than in SF. Overall, a trend of decreasing rates was
observed seawards in PR.

Interaction Between Environmental

Variables
Principal components with eigenvalues higher than 1 explained
81.48 and 82.10% of the total variation of the PR and SF transects,

respectively (Table 1). PC1 and PC2 explained approximately half
of that variation (41.94 and 53.39% of the variance in PR and
SF transects, respectively) (Figure 6). In PR, PC1 was mainly
related with irradiance, temperature, salinity and water column
nutrient concentrations, and PC2 with shore distance, MSL, and
grain size. In SE PC1 correlated with distance, MSL, grain size,
and porewater nutrients, and PC2 with temperature, salinity,
irradiance, and water column DSi concentration. OC presented
high correlation with PC1 in both transects, slightly higher
in SF. Around 12 and 13% of the variance in environmental
variables (PC3) was attributed to rainfall in both transects.
Overall, according to our PCA analysis, spatial variability
dominated in SF in contrast to PR where temporal variability
dominated (Figure 6).

Factors Controlling MPB Biomass

The PC axes selected by MRL analyses to explain the variations
in time and space of the MPB biomass (estimated here by
the Chl a content) in each transect accounted for 30% of the
total variation. In PR, MPB biomass was best explained by PC2
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FIGURE 4 | (A) Sediment chlorophyll a (Chl a) content, (B) chlorophyll ¢ to chlorophyll a ratio (Chl ¢ to Chl a), (C) phaeopigments to chlorophyll a ratio (pheo to Chl
a), and (D) organic carbon to chlorophyll a ratio (OC to Chl a) plotted against mean sea level (MSL) for the Puerto Real (PR) and San Fernando (SF) transects in July
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(Table 2) composed primarily by shore distance, MSL, grain size,
and TN (Table 1). On the other hand, MPB biomass in SF was
explained mainly by PC5 (Table 2), related to NH4 " in the water
column (Table 1), and to a lesser extent by PC2 which was related
to temperature, salinity, irradiance, and DSi concentration in
the water column.

Factors Controlling MPB Biomass and

Sediment Metabolism

Principal component scores and MPB biomass (Chl a and Chl ¢)
were used as independent variables in MLR to explain Py in
Cadiz Bay. In PR, 60% of the variance in PN was explained by Chl

a and PC1 (Table 2). Irradiance, temperature, salinity, and wind
speed were positively correlated with PC1, while OC, PO4>~, and
NH4" in water column showed negative correlation with PC1
(Table 1). In SE the variables tested could only explain 25% of
the variation in Py. The variables that significantly contributed
to explaining this variability were Chl ¢ and PC1 (Table 2). In SE,
PC1 was negatively associated with MSL and positively with grain
size, porosity, TN, OC, shore distance, and porewater nutrients
(except PO437) (Table 1).

Environmental variables explained 41 and 25% of Rp in PR
and SE, respectively (Table 2). In PR, PC3 and PC4 contributed
significantly to explain variation in Rp. PC3 correlated with
rainfall, DSi in the water column and NO3~ and NH4™ in the
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FIGURE 5 | (A) Net production in the photic layer (Py), (B) respiration in darkness (Rp), and (C) Py normalized by MPB biomass plotted against mean sea level (MSL)
along the Puerto Real (PR) and San Fernando (SF) transects in July (yellow), April (green), October (blue), and January (red). Values represent means + SE (n = 3).
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porewater. PC4 was composed mostly by NO3~ in the water
column (Table 1). PC3 was the most influential variable of the
two (Table 2). In SE the variables selected were PC3 and PCl1
(Table 2). In this case, PC3 was positively correlated with rainfall
and negatively with wind speed (Table 1). PC1, as mentioned
previously, was associated with MSL and grain size related
variables (Table 1).

Annual Net Metabolism of the

Microbenthic Intertidal Sediment

Daily microphytobenthic rates of Py and Rp were integrated for
every season for all seabed types. Microbenthic net metabolism
was positive in all seasons except in April in Z. noltei sediments
(Figure 7). The annual net metabolism of MPB (Py - Rp) in
bare muddy sediment (PR transect), in bare sandy sediment (SF1-
2), and seagrass meadow sediment (SF3-4) was 73.3, 29.6, and
19.5 g C m~2, respectively. Given that there was no indication of
MPB being present in C. prolifera sediment, this habitat was not
considered (SF5).

DISCUSSION

Biogeochemical Properties of Intertidal
Sediments in Cadiz Bay

The inner Cadiz bay is a complex system, comprising of salt
marshes, intertidal flats, seagrass meadows, and shallow subtidal
areas. The two transects studied here showed clear differences in
their elevation profiles, sediment granulometry, and vegetation
cover, as a result of the hydrodynamic conditions and sediment
morphodynamics in the bay (Kagan et al., 2003). The PR transect
was more homogenous, dominated by fine sediment, without
permanent vegetation, and a gentler slope across the gradient
(Figure 1). Fine grain sediment, as that found in the PR transect,
is the predominant sediment type within the bay (Sanchez De
Lamadrid Rey and Mufioz Pérez, 1994; Carrasco et al., 2003).
In contrast, the SF transect was more variable in terms of
grain size distribution, showing also a steeper slope. In addition,
the sediment in the SF transect was colonized by Z. noltei
and C. prolifera, typical species of the vegetational zonation of
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TABLE 1 | Correlation coefficients between environmental variables and significant components obtained by principal components analysis (wherein the selected
components account for over 80% of environmental variability) for each of the two transects studied in Puerto Real (PR) and San Fernando (SF) seasonally during on year.

PR SF

PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC1 PC2 PC3 PC4 PC5

Dist. ~0.341 0.801 0089  —0177 —0224  0.152 0820 0812 —0.094 0103  —0089  —0.137
MSL 0306 —0758 —0.070  0.149 0321 -0254 —0298 —0.921 0025 —0130 0048  0.096
Gransize <63pum 0021  —0740 0233 —0228 —0.102 0419 —0.211 0940 0006 0150 -0074  0.026
® 0227 0584 0374 —0322 0204 0021 0025 0919 0082 0153  —0103  —0.088
Rain -0125 0006 0786 0089 -0.163 -0271 -0258 -0.178 0166 0756 0182  —0.433
Rad. 0813 0383 -0177 —0.156 0309 —0041 —0049 0228 0749 -0594 —0070  0.116
Temp. 0788 0376 0150 —0208 0291 -0097 -0156 0178 0903 —0.163 —0170  0.091
Wind 0485 0353 —0477 0448 -0034 -0298 0074  0.157 0563 —0697 0257  —0.199
Sal. 0723 —0044 0269 —0042 —0.157 0004 —0025 —0.184 0655 0497 —0172 —0.102
WC.DSi 0520 0072 0588 —0004 038 —0.100 0261 —0202 0876 0164 —0.105 0237
WC.PO4 0627 0358 038 0202 0201  —0070 0252 —0394  0.424 0412 0499 0051
WC.NO3 0205 0459 —0.064 0543 0169 0038  —0.431 0055 —0009 —0.167 0791  —0.004
WC.NH4 0659  0.001 0168 0530 0166 —0.116  0.107 0133  —0.374 0036 0214 0836
PW.DSI 0499  —0220  0.091 0376 -0223 -0.110 0522 0585 0061 -0076 0556 -0.215
PW.PO4 0.401 0151  —0244 0415 0085 0628 -0063 0318 0473 0440 0236 0323
PW.NO3 0368 —0020 —0504 —0.180 0488 —0.065 0154 0675 —0065  —0.441 0153  —0.142
PW.NH4 0322 0183 0567 0340  0.302 0406 0042 0633 -0036 0243 0397 0082
oc 0638 0109 -0.105 —0030 0457 0207 —0020 0923 0044 0111  —0205  0.079
™ 0850 —0595 —0.160 —0054 0266 0184 0354 0941 0.042 0172  -0.186  0.056

Nutrients in the porewater were log(x + 1) transformed. Values in bold correspond to the axis for which the squared cosine of the specific variable is the largest. Dist.,
shore distance; MSL, mean sea level; Rad., irradiance; Temp., temperature; Rain, rainfall; wind speed, ® porosity; Sal., salinity, in water column (WC) and porewater (PW)
nutrients (DSi, NOo~ + NO3~, PO4%~ and NH4 ), OC organic carbon, and TN total nitrogen.

the inner Cadiz Bay benthic environment (Figure 1) (Gomez
Ordofiez, 2008). These macrophytes can significantly contribute
to the accumulation of finer grained sediment (Peralta et al., 2008;
Greiner et al., 2016), which might explain the differences along
the SF transect with increased fines content in the middle and
lower intertidal.

Water column nutrients showed little differences between
transects probably due to the relatively small distance between
sampling points within the transect and the increased mixing
in the water column due to tides and wind action (Kagan
et al., 2003). Nonetheless, water column DSi and PO,3~
tended to decrease seaward along the transects, indicating
that the upper intertidal near the saltmarsh might act as a
potential source of DSi and PO,4>~, whereas concentrations of
NO;3~ and NH4" were rather constant. Interestingly, nutrient
concentrations in the porewater followed an inverse trend
to that observed in the water column, ie., they tended to
increase seaward. Nutrient concentrations in both the water
column and the porewater were similar to those measured
previously in the bay (Garcia-Robledo et al., 2016), with the
exception of DSi. Concentrations of DSi in the porewater,
particularly in SE were up to 50 nmol cm~3, double the
maximum measured previously (Garcia-Robledo et al., 2016).
Overall, higher nutrients concentrations in the porewater were
measured in SF with a trend of increasing values seaward,
in the presence of the seagrass Z. noltei at SF3 and SF4.
This is not surprising since seagrass sediments are able to
temporarily retain a high amount of nitrogen due to the

trapping of particles from the water column, the biological
immobilization of decomposing plant tissues via burial, and the
stimulation of nitrogen fixation (Risgaard-Petersen et al., 1998;
Barrén et al., 2006).

Stoichiometric ratios of inorganic nutrients (i.e., DSi:N and
N:P) in the water column seem to indicate that MPB in Cadiz Bay
could be strongly limited by P since the N:P ratio was generally
higher than 22 (Hillebrand and Sommer, 1999). On the other
hand, the DSi to N ratio was lower than 0.8 suggesting limitation
by DSi, mainly in winter in both transects (Justia et al., 1995).
In our study, we did not find any positive correlation between
Pn or biomass and water column DSi, like the ones observed
previously for MPB (Welker et al., 2002; Garcia-Robledo et al.,
2016). In addition, a recent experimental study using sediment
from the inner Bay of Cadiz has demonstrated that water column
DSi concentration affects MPB primary production but not its
biomass (Bohorquez et al., 2019). Although these data might
suggest a DSi and P limitation which might affect the growth
of diatoms (Cibic et al., 2007), previous published observations
for sediments of the wider area (Garcia-Robledo et al., 2008,
2012; Haro et al,, 2019) and preliminary data based on molecular
analyses for intertidal sediments of the inner bay (J. Taylor pers
comm) suggest that diatoms are ubiquitous and are the dominant
microalgal group. Nevertheless, further analyses are required
to quantify the contribution of the various algal groups to the
MPB community composition along the intertidal area of Cadiz
Bay and study the drivers behind possible community shifts
in space and time.
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FIGURE 6 | Principal components analysis of environmental variables for the
(A) Puerto Real (PR) and (B) San Fernando (SF) transects. Only variables for
which the squared cosine is the largest in each axis are shown. Colored
symbols represent the five stations sampled at each transect during the four
sampling campaigns. The ellipses represent 95% confidence intervals for
each station.

Sediment OC content variations were mainly related to
sediment grain size, with limited variations over time. Thus,
in PR, where the sediment was homogeneous and lacked
areas with permanent macrophytes, no variations in OC
were observed (Figure 3A) and values were similar to those
measured previously in the inner bay (Papaspyrou et al,
2013; Jimenez-Arias et al., 2016). In SE, however, organic matter
content changed drastically with grain size. OC values were ~4
times higher in stations SF3-SF5, indicating a high input of OC
to sediment, presumably from macrophyte detritus and exudates,
as well as fine particles trapped within the meadows (Peralta et al.,
2008; Greiner et al., 2016). This highlights the importance of
macrophytes for the accumulation and burial of organic matter
in vegetated areas, especially in the shallow inner Cadiz Bay
(Jimenez-Arias et al., 2016).

Sediment OC to TN ratio, albeit slightly higher in PR, was
similar in both transects, except in SF1 (Figure 3C). C:N ratios
greater than 7.5 indicate sources of organic matter, other than

microphytobenthic production (Hillebrand and Sommer, 1999)
or high N mineralization rates (Sundbick et al, 2004). The
OC to TN ratios observed here were slightly higher than those
found previously in muddy sediments close to the PR transect
(~10, Jimenez-Arias et al., 2016) and other intertidal flats (De
Jonge, 1980; Oakes et al., 2010; Lee et al., 2018). On the other
hand, a slight decrease in the OC to TN ratio at SF5 could be
due to increased nitrogen fixation observed in C. prolifera beds
(Chisholm and Moulin, 2003). At SF5, an increase in the OC to
Chl a ratio (Figure 4D) was also observed suggesting an increase
in fresh non-photosynthetic labile OC associated with particulate
matter accumulated due to hydrodynamic effects within the
canopy (Hendriks et al., 2010; Lara et al., 2016) or organic matter
exudates by C. prolifera (Ruiz-Halpern et al., 2014).

Temporal and Spatial Patterns in the

MPB Biomass

Microphytobenthos biomass patterns depend on the tight
interaction between abiotic factors, such as light, nutrient
availability, and resuspension, and biotic ones, such as grazing.
Most studies on MPB have been conducted in intertidal areas of
northern European estuaries and coastal settings with a humid
continental climate (latitudes > 45°) (Table 3). In these regions,
an annual maximum of biomass is found usually in summer,
when higher temperatures and increased irradiance occur (Migné
et al., 2004; Davoult et al., 2009; Van der Wal et al., 2010; Orvain
et al,, 2012), although in some cases different patterns have been
found (Colijn and De Jonge, 1984; Underwood and Paterson,
1993; Thornton et al., 2002). In contrast, in southern European
estuaries, with Mediterranean climate, the opposite temporal
pattern is usually observed. In the Tagus estuary, for example,
the MPB biomass was studied seasonally by remote sensing and
was found to be maximum in winter (Brito et al., 2013), same
as in Cadiz Bay (current study, Garcia-Robledo et al., 2016).
Interestingly, studies worldwide in intertidal flats located at a
similar latitude (i.e., around 35-38°) have found similar patterns
with maxima in winter, e.g., the Ariake Sea in Japan (Koh et al,,
2007), or the Saemangeum tidal flat in west Korea (Kwon et al,,
2016) (Table 3).

Some discrepancies with respect to this general pattern have
been reported for French estuaries. The calm conditions and the
exposure to sunlight during low tide allow the development of
higher MPB biomass in the intertidal zone in the Bay of Somme,
the Mont Saint-Michael Bay or the Roscoff Aber Bay, at latitudes
between 48 and 50° (Orvain et al,, 2012), in the summer. In
contrast, in the Brouage mudflat, at a lower latitude (45°), the
highest biomass was reported between winter and early spring
due to the grazing and thermo-inhibition in summer (Savelli
et al., 2018) (Table 3). In our study, maximum Chl a values
were found in winter. In addition to a possible thermo-inhibition,
the lower MPB biomass in the summer could be a consequence
of the combined effects of resuspension, turbidity, and grazing
pressure. In Cadiz Bay, extreme wind events are especially
frequent during summer and are known to increase sediment
resuspension and turbidity, as well as produce sediment surface
desiccation (Supplementary Figure 1) (Gutiérrez et al., 2000;
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TABLE 2 | Multiple linear regression analysis of chlorophyll a, Py in light, and Rp in darkness against the component variables obtained from the PCA analyses of the

environmental variables for the Puerto Real (PR) and San Fernando (SF) transects.

PR SF
Variables Value  Standard error t Pr> |t Adjusted R?2  Value  Standard error t Pr> |t  Adjusted R?
Biomass
Intercept 0.850 0.043 19.729 <0.0001 0.330 1.168 0.053 22.135 <0.0001 0.363
PC2 —0.121 0.024 —-5.119 <0.0001 —0.079 0.028 —2.810 0.007
PC5 0.241 0.047 5.103 <0.0001
PC6 0.075 0.041 1.832 0.073
Py in light
Intercept 0.044 0.535 0.081 0.935 0.608 0.568 0.492 1.154 0.254 0.251
Chla 4.729 0.573 8.256 <0.0001
Chlc 9.167 2.736 3.350 0.001
PCA1 —0.635 0.105 —6.059 <0.0001 —0.329 0.121 —2.716 0.009
Rp in darkness
Intercept 0.919 0.060 15.339 <0.0001 0.414 0.848 0.066 12.948  <0.0001 0.247
PCA1 0.065 0.025 2.553 0.014
PC3 —-0.210 0.039 —-5.417 <0.0001 —0.155 0.042 —3.724 0.000
PC4 0.168 0.048 3.505 0.001

In the case of Py and Rp regressions, chl a and chl ¢ were added as additional explanatory variables. Best model variable selection procedures were employed to identify
the most parsimonious model that best explains the variations in the dependent variables. P values in bold indicate variables or principal components which significantly
contributed to explain the patterns in MPB biomass, PN or RD according to the multiple linear regression analysis.
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FIGURE 7 | Microbenthic net metabolism integrated for each season

(90 days) (g C m~2) in bare muddy sediment (brown), in bare sandy sediment
(yellow), and seagrass meadow sediment (green). Daily Py in light was
corrected by a diel correction factor of 0.67 (Haro et al., 2019). Daily rates
were corrected for temperature differences during the year using Q1.
Microbenthic net metabolism was calculated as the differences between daily
rates of Py and Rp. The annual net metabolism of MPB community in bare
muddy sediment, bare sandy sediment, and seagrass meadow sediment
were 73.3, 29.6, and 19.5g C m~2 year~ ", respectively.

Kagan et al., 2003; Lara et al., 2018). In terms of grazing, higher
rates have been reported for summer elsewhere, particularly
during emersion (Cariou-Le Gall and Blanchard, 1995; Coelho
et al., 2011). Available studies on the abundance of potential
grazers in the inner Cadiz Bay (i.e., meiofauna) show variable
results; higher meiofaunal abundance in the months of January
and July in one case (Papaspyrou et al. unpubl. data) or in
May in another (Bohorquez et al., 2013), therefore, the effect

of grazing on the patterns observed in our transects cannot be
evaluated at present.

Spatial patterns of MPB biomass studied here differed
seasonally and between locations. At the muddy transect (PR),
an increase seaward was observed during winter (i.e., the most
productive period) whereas during the warmest months of the
year values were more homogeneous or showed a slightly inverse
trend. The seaward increase in winter seems to contrast with the
spatial variations reported in other estuaries and tidal flats (Jesus
et al., 2009; Van der Wal et al.,, 2010; Orvain et al., 2012; Brito
etal,, 2013; Kwon et al,, 2016). These studies attributed the higher
MPB biomass upper shore to the longer light exposure there
and the decreased biomass lower shore to the light attenuation
by the water column limiting MPB growth. However, although
irradiance dosage is higher in the upper shore, the additional
amount of light cannot be fully absorbed by the sediment due to
a higher reflectance in emersion. This has been experimentally
demonstrated for irradiances of up to 800 pumol photon m =2 s~ !
in sandy (Kiihl and Jorgensen, 1994; Haro et al., 2019), as well
as muddy sediments (Balsam et al., 1998). Regardless, in Cadiz
Bay and other intertidal systems located at lower latitudes, light
limitation is generally lower in the lower shore because the
incident solar irradiance is higher. Moreover, the lower intertidal
experiences a shorter desiccation period which together with the
higher solar irradiance could explain the higher biomass values
found here. Nevertheless, long term studies integrating larger
areas will be needed to determine whether the pattern observed
here persists in time.

In the mixed sediment type transect (SF), maximum MPB
biomass was found at the intermediate stations SF3 and SF4.
The higher MPB biomass at these stations could be due to
a positive interaction between MPB and seagrasses present at
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TABLE 3 | Temporal and spatial variability of the MPB biomass (Chl-a), net production in light (PN), gross production (PG), and respiration in darkness (RD) in the intertidal areas of estuaries worldwide at latitudes from

53 to 33°N.
Variable Estuary characteristics Seasonal variability Spatial variability Temporal resolution Spatial Analysis References
resolution method
Estuary Country Latitude Substrate Maximum Minimum Maximum Minimum Grid or
Transect
length (m)
(Numbers
of sampling
stations)
Biomass
NDVI Wadden Sea Netherlands ~ 53°20'N Sandy June December  Upper Lower Monthly 2002- 250 x 250 RS Van der Wal
2008 etal., 2010
NDVI Ems-Dollard Netherlands ~ 53°25'N Muddy- June December  Upper Lower Monthly 2002- 250250 RS Van der Wal
sandy 2008 etal., 2010
NDVI Westerschelde Netherlands ~ 51°20'N Sandy May December  Patch Patch Monthly 2002—- 250 x 250 RS Van der Wal
2008 etal., 2010
NDVI Oosterschelde Netherlands ~ 51°35'N Sandy October December  Patch Patch Monthly 2002— 250 x 250 RS Van der Wal
2008 etal., 2010
NDVI Thames United 51°35'N Muddy- March— December  Upper Lower Monthly 2002- 250 x 250 RS Van der Wal
Kingdom sandy July 2008 etal, 2010
NDVI Wash United 52°55'N Muddy- August December  Upper Lower Monthly 2002— 250 x 250 RS Van der Wal
Kingdom sandy 2008 etal., 2010
NDVI Humber United 53°35'N Muddy- September December  Upper Lower Monthly 2002—- 250 x 250 RS Van der Wal
Kingdom sandy 2008 etal., 2010
NDVI Brillantes_Loire France 47°17'N Muddy- - - - Interannual 1991- 20 x 20 RS Benyoucef
sandy 2009 etal, 2013
NDVI Lavau_Loire France 47°17'N Mud - - - Interannual 1991- 20 x 20 RS Benyoucef
2009 etal, 2013
NDVI Brouage France 45°54'N Mud March May— - - February & 2008; 250 x 250 RS Savelli et al.,
mudflat August July; April, 2012; 2018
July & 2013
November;
February &
April
NDVI Tagus, A Portugal 38°44'N Muddy- - Upper Middle- Bimonthly 2002- 270 (3) NDVI Jesus et al,,
Transect sandy lower 2004 2009
NDVI Tagus. V Portugal 38°44'N Muddy- - - Middle- Upper Bimonthly 2002—- 270 (3) NDVI Jesus et al.,
Transect sandy lower 2004 2009
NDVI Tagus Portugal 38°44'N Mud December  May Upper Lower December-  2002- 20 x 20 RS Brito et al.,
April 2003 2013
Chl-a Colne United 51°50'N Mud Fall Spring Upper- Lower Monthly 1996- 10000 (4) SC; Thornton
Kingdom middle 1998 Spec et al., 2002
Chl-a Bay of Somme,  France 50°13'N Sandy June January - - Quarterly 2000-2001 — (1) SC; Migné et al.,
English Spec 2004
Channel
(Continued)
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TABLE 3 | Continued

Variable Estuary characteristics Seasonal variability Spatial variability Temporal resolution Spatial Analysis References
resolution method
Estuary Country Latitude Substrate Maximum Minimum Maximum Minimum Grid or
Transect
length (m)
(Numbers
of sampling
stations)
Chl-a Baie des Veys, France 49°22'N Muddy- - - Upper Lower 14-19 april; 2003; 2004 500 x 500 SC; Orvain et al.,
English sandy March (138) Spec 2012
Channel
Chl-a Mont France 48°35'N Mud Depends August Middle - Quarterly 2003-2004 2000 (3) SC; Davoult et al.,
Saint-Michel on MSL Spec 2009
Bay. Ca
Transect
Chl-a Mont France 48°35'N Sand Depends August Upper - Quarterly 2003-2004 2500 (3) SC; Davoult et al.,
Saint-Michel on MSL Spec 2009
Bay. Ch
Transect
Chl-a Brouage France 45°54'N Mud March September - - February & 2008; 250 x 250 SC; Savelli et al.,
mudflat July; April, 2012; 2013 Spec 2018
July &
November;
February &
April
Chl-a Brouage France 45°50'N Mud May December - - November; 2000; 2001 2600 (3) SC; Orvain et al.,
mudflat in May Spec 2007
Marennes-
Oleron
Bay
Chl-a Marennes- France 45°50'N Mud June January - - June— 1995-1996 250 x 250 SC; Guarini et al.,
Oleron January Spec 1998
Bay
Chl-a Livorno Italy 43°47'N Sandstone September March - - March; 2012; 2014 - SC; Maggi et al.,
September Spec 2017
Chl-a Tagus, A Portugal 38°44'N Muddy- January- November  Upper Middle- Bimonthly 20022004 270 (3) SC; Jesus et al,,
Transect sandy May lower Spec 2009
Chl-a Tagus. V Portugal 38°44'N Muddy- January- November  Middle- Upper Bimonthly 2002-2004 270 (3) SC; Jesus et al.,
Transect sandy May & July lower Spec 2009
Chl-a Tagus Portugal 38°44'N Mud January - Upper Lower December-  2002-2003 20 x 20 SC; Brito et al.,
April Spec 2013
Chl-a Daebu mudflat South Korea  37°12'N Mud March January - - Monthly 2008-2010  —(1) SC; Kwon et al.,
Spec 2018
Chl-a Inner Cadiz Spain 36°30'N Mud January July; Upper Lower Quarterly 2016-2017 420 (5) SC; This study
Bay. PR October (exceptin  (exceptin Spec
Transect January) January)
(Continued)
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TABLE 3 | Continued

Variable Estuary characteristics Seasonal variability Spatial variability Temporal resolution Spatial Analysis References
resolution method
Estuary Country Latitude Substrate Maximum Minimum Maximum Minimum Grid or
Transect
length (m)
(Numbers
of sampling
stations)
Chl-a Inner Cadiz Spain 36°28'N Muddy- January April; Middle Upper Quarterly 2016-2017 450 (5) SG; This study
Bay. SF sandy October Spec
Transect
Chl-a Inner Cadiz Bay  Spain 36°31'N Mud January April - - Monthly 2008 -1 SC; Garcia-
Spec Robledo
etal., 2016
Chl-a Gwanghwal_ South Korea  35°30'N Muddy- Winter- Summer- Upper Lower Monthly 2004 30 x 30 RS; Kwon et al.,
Saemangeum sand Spring Fall (83) SC; 2016
Spec
Chl-a Gyehwa_ South Korea  35°30'N Muddy- Winter- Fall Upper- Lower Monthly 2004 30 x 30 RS; Kwon et al.,
Saemangeum sand Spring middle (64) SG; 2016
flat Spec
Chl-a Isshiki flat, Japan 34°46'N Mud Apri October - - Monthly 1997-1998 500 (5)and  SC; Goto et al,,
Mikawa Bay 290 (3) Spec 2000
Chl-a Nanaura Japan 33°00'N Mud February July - - Every 2-3 2002-2003 — (1) SC; Koh et al.,
mudflat, Ariake weeks Spec 2007
Sea
Primary
production
Pa Bay of Somme,  France 50°13'N Sandy June February - - Quarterly 2001-2002  — BC Migné et al.,
English 2004
Channel
Pg Roscoff Aber France 48°42'N Muddy- August February Upper- Lower Monthly 2003-2004 2000 (3) BC Hubas et al.,
Bay coarse middle 2006
Pg Mont France 48°35'N Mud August February Middle Lower Quarterly 2003-2004 2000 (3) BC Davoult et al.,
Saint-Michal 2009
Bay. Ca
Transect
Pg Mont France 48°35'N Sand April- February Middle Lower Quarterly 2003-2004 2500 (3) BC Davoult et al.,
Saint-Michel August 2009
Bay. Ch
Transect
PN Brouage France 45°54'N Mud Spring Fall - - February & 2008; 250 x 250 RS; Savelli et al.,
mudflat July; April, 2012; 2013 model 2018
July &
November;
February &
April
(Continued)
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TABLE 3 | Continued

Variable Estuarycharacteristics Seasonal variability Spatial variability Temporal resolution Spatial Analysis References
resolution method
Estuary Country Latitude Substrate Maximum Minimum Maximum Minimum Grid or
Transect
length (m)
(Numbers
of sampling
stations)
PN Daebu mudflat South Korea  37°12'N Mud April January - - Monthly 2008-2010  — (1) SC; Kwon et al.,
OxM 2018
Pn Inner Cadiz Bay  Spain 36°31'N Mud July January - - Monthly 2008 - (1) SC; Garcia-
OxM Robledo
etal., 2016
PN Inner Cadiz Spain 36°30'N Mud January July; Upper Lower Quarterly 2016-2017 420 (5) SC; This study
Bay. PR October (exceptin  (except to OxM
Transect January) January)
PN Inner Cadiz Spain 36°28'N Muddy- January April Middle Lower Quarterly 2016-2017 450 (5) SC; This study
Bay. SF sandy (Caulerpa OxM
Transect prolifera)
Pa Isshiki flat, Japan 34°46'N Mud February—  August - - Monthly 1997-1998 500 (5)and 4 C Goto et al.,
Mikawa Bay March 290 (3) 2000
Respiration
Rp Roscoff Aber France 48°42'N Muddy- July February Upper Lower Monthly 2003-2004 2000 (3) BC Hubas et al.,
Bay coarse 2006
Rp Mont France 48°35'N Mud April August Lower Upper Quarterly 2003-2004 2000 (3) BC Davoult et al.,
Saint-Michal 2009
Bay. Ca
Transect
Rp Mont France 48°35'N Sand April August - - Quarterly 2003-2004 2500 (3) BC Davoult et al.,
Saint-Michel 2009
Bay. Ch
Transect
Rp Inner Cadiz Bay  Spain 36°31'N Mud April January - - Monthly 2008 — (1) SC; Garcia-
OxM Robledo
etal., 2016
Rp Inner Cadiz Spain 36° 30N Mud April October Middle Lower Quarterly 2016-2017 420 (5) SC; This study
Bay. PR OxM
Transect
Rp Inner Cadiz Spain 36° 28N Muddy- April October; Lower Upper Quarterly 2016-2017 450 (5) SC; This study
Bay. SF sandy January OxM
Transect

MSL, mean sea level; RS, remote sensing, Spec, Chl-a spectrophotometric analysis;, SC, sediment cores; BC, benthic chamber; OxM, oxygen microelectrodes.
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these stations due to the protection macrophytes provide to
associated microalgal communities against resuspension (Lemley
etal,, 2017). In addition, the upper shore sediment at this transect
was sandier and had a higher MSL (1.7 m), meaning longer
emersion periods and faster draining (Dye, 1980). As a result,
desiccation and temperature effects would be stronger in the
upper shore. Various authors have reported higher MPB biomass
in the middle-upper shore along the intertidal (Table 3) (Davoult
et al.,, 2009; Benyoucef et al., 2013). Underwood (2001) suggested
that the MPB distribution along the intertidal could show a peak
somewhere between mid-tide and mean high water neap tide
level (stations SF3 and SF4 in our transect), and not necessarily
at the upper shore. This range of the intertidal offers optimum
conditions for MPB growth; lower hydrodynamic conditions
(i.e., lower resuspension compared with the lower shore) and
reduced desiccation and irradiance effects, compared to the high
shore. The mixed sediment type transect (SF) showed such a
distribution, with MPB biomass even higher than PR in the
intermediate stations. Overall, our data indicate that the spatial
distribution of MPB along the intertidal is highly variable and site
specific and that other methods such as remote sensing should
be used to estimate spatial patterns in the bay due to the high
spatial heterogeneity.

Sediment Primary Production and
Respiration Along the Intertidal Gradient

Spatial and temporal patterns of Py are not frequently studied.
Instead, MPB biomass is used as a proxy for Py given that the
former can be estimated by a more direct and relatively fast
technique (i.e., remote sensing). However, the conversion of MPB
biomass to primary production values is not straightforward
(Daggers et al., 2018; Méléder et al., 2018; Savelli et al., 2018),
so direct measurements with oxygen microelectrodes or 4C
are essential (Brotas et al., 2003; Garcia-Robledo et al., 2016;
Walpersdorf et al., 2017). In Cadiz Bay, Py rates determined
using microelectrodes were always positive in the PR transect and
in the majority of the cases at the first four stations of the SF
transect indicating an autotrophic community. However, at SF5,
where C. prolifera meadows are present, sediment metabolism
was net heterotrophic all year round. In the PR transect, Py rates
were surprisingly rather homogeneous during most of the year,
with the exception of January, when they were three times higher
and slightly increased downshore. In the SF transect, Py rates
exhibited a similar pattern for the above zero MSL stations of a
slight increase toward the mid intertidal (with the exception of
April when surprisingly the opposite was observed) coinciding
with muddier sediments in the middle of the intertidal.

At the SF transect, the variables selected during the statistical
analysis could explain only 25% of the variability in Py. This
is probably due to the larger variability and non-linear patterns
in terms of gradient slope, vegetation type, and grain size
distribution—and correlated variables, such as OC and porewater
nutrient content—in SF compared to PR. The variables that
explained better the pattern of Py in SF were Chl ¢ and
PC1. The latter was composed principally by geo-morphological
variables (MSL, shore distance, grain size, and porosity), OC, and

porewater nutrients (Tables 1, 2), highlighting the importance
of the spatial variability along the SF transect (Figure 6). At
this location, grain size distribution was negatively correlated
to MSL (r = -0.838) and therefore it is difficult to discern
between the two predictors. However, Orvain et al. (2012)
reported that, in the macro-intertidal des Veys Bay (France),
MPB biomass variability was mainly explained by grain size,
whereas MSL only explained 2-3%. Likewise, Daggers et al.
(2018) considered grain size distribution as one of the most
important variables to predict Py in the tidal environments
of Oosterschelde and Westerschelde (Netherlands). In contrast,
Hubas et al. (2006) determined that neither porewater nutrients,
which in SF contributed to explain Py, nor grain size controlled
MPB net metabolism along a granulometric gradient in an
intertidal area in the Roscoff Aber Bay (France). Instead, Hubas
et al. (2006) determined that net metabolism of MPB was mainly
controlled by temperature. However, in our case, when PN were
corrected for Qo (Supplementary Figure 2), no differences were
found in the spatio-temporal patterns. Lastly, the inclusion of
Chl ¢, a characteristic pigment of benthic diatoms, among the
variables best explaining MPB Py corroborates that measured Py
rates with the microelectrodes were not affected by macrophytes
but were a direct result of the MPB community production
(mainly diatoms).

In PR, in contrast to SE, the selected model could explain
a high percentage of Py variability (60%). Sediment-related
variables (e.g., grain size, porewater nutrients, organic matter)
were more homogenous both in time and space and thus
were not expected to contribute significantly in explaining the
differences observed in metabolic rates. Indeed, the PC that
explain the patterns in Py was composed of meteorological
variables (irradiance and temperature), OC, and water column
nutrients (Tables 1, 2). This highlights the strong effect seasonal
acclimation of the MPB community has in these muddy
sediments, and this despite the fact that the experimental
conditions we used were the same year-round (saturating
irradiance and constant temperature). Of course, other biotic,
i.e., grazing, or physical factors, i.e., current speed, that were
not studied in this work have also been proposed to explain
Py variability (Hubas et al., 2006; Van der Wal et al., 2008;
Savelli et al., 2018). Their importance remains to be tested for the
Cadiz Bay and could contribute to better explaining the spatial
variability of Py with respect to MSL.

Diel and seasonal variability also exists for Rp (Davoult et al.,
2009) although this tends to be less pronounced than the one
for PN. Rp rates usually remain constant throughout the dark
period for several days in laboratory experiments (Haro et al.,
2019). In addition, preliminary experiments in microcosms with
Cadiz Bay sediment found no substantial differences between Rp
in emersion and immersion. However, in situ daily variations
due to changes in tidal conditions have been reported elsewhere
(Migné et al.,, 2009). Seasonality of Rp rates is mainly controlled
by (1) temperature (Migné et al., 2004) and (2) variations in the
activity of heterotrophic bacteria (which might explain up to 88%
of sediment respiration, Hubas et al., 2006), with highest rates
being expected in summer. Surprisingly, in Cadiz Bay, the highest
rates were found in January in PR and April in SF (Figure 5C).
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However, when correcting Rp rates for the temperature in situ
(Supplementary Figure 2) (Hancke and Glud, 2004; Migné et al.,
2004; Kwon et al., 2018), in both transects highest Rp rates were
still found in spring, not in summer. On the one hand, this
is probably due to a higher availability of labile OC in spring
after the MPB and macroalgal blooms and on the other, to the
high sediment temperatures in summer which can reach well
above 30°C (Guarini et al., 1997), affecting negatively the resident
microbial community which tends to show an optimum between
25-30°C (Thamdrup et al., 1998).

Regression analysis indicated that the variables that best
explained Rp rates in the PR transect (41%) included the PC
axes composed of principally of nutrients in the water column
and the sediment. In contrast, in SE the variables selected were
the PC axes that were composed mainly of MSL, grain size
gradient, OC, and porewater nutrient content, as well as some
meteorological aspects (wind and rain), all of which explained
25% of the variation in Rp rates. The cause-effect relationship
between Rp rates and the selected variables is not always clear and
should be treated with caution. For example, OC carbon content
was highly related to both grain size and MSL in SF; clearly, it
is the higher OC availability in the sediment that can stimulate
higher Rp rates. On the other hand, Rp rates did not reflect
the significant differences observed in the OC content between
the stations along the transect which was four to five times
lower in the sandy compared to the muddy stations (Figure 3A).
In the case of the nutrient concentrations, either in the water
column or the porewater, the relationship can be bidirectional;
higher Rp rates would result in increased mineralization rates
and higher nutrient release to the sediment and porewater,
while at the same time, higher nutrient concentrations can
stimulate the growth of microorganisms, especially ones using
anaerobic mineralization pathways, and thus the overall sediment
metabolism (Canfield et al., 2005).

Contribution of PPypg to Total Benthic
Production in Cadiz Bay Intertidal

Sediments

The intertidal sediment in the inner Cadiz Bay is principally
muddy with only 10% sandy areas (Sanchez De Lamadrid Rey
and Munoz Pérez, 1994). The annual rate of Py in light for bare
intertidal muddy sediment in the inner Cadiz bay was 105.8 g
C m~2 year™!, which is similar to that calculated for other
estuaries with muddy sediment in southern Europe, e.g., 156 g
C m~2 year~! for the Tagus Estuary in Portugal (Serodio and
Catarino, 2000) and 127 g C m~?2 year~! for the Brouage mudflat
in France (Savelli et al., 2018). The annual net metabolism for
bare intertidal muddy sediment in inner Cadiz Bay was net
autotrophic (73.3 g C m~2 year~!). This was higher than that
measured in other temperate estuaries; 25 g C m~2 year~! in
the Seine Estuary (Migné et al., 2004), or even negative, —41 g
C m~2 year~! in the Bay of Somme and —78 g C m~2 year~!
in Mont Saint-Michel Bay, both on the English Channel in
France (Spilmont et al., 2006; Migné et al., 2009). These mudflats
exhibited annual Rp rates higher than the 32.5 g C m—2 year’1
measured in our study. In bare sandy sediments in the inner
Cadiz Bay, the annual net metabolism was lower, 29.6 g C

m~2 year~!. In the Roscoff Aber Bay, in France, an autotrophic
annual metabolism of up to 16 g C m~2 year—! at the sandy
sediments was reported by Hubas and Davoult (2006).

The intertidal area of the inner Cadiz Bay covers ~60% of its
surface (13 km?, Sanchez De Lamadrid Rey and Mufoz Pérez,
1994). Of that, approximately 70% is covered by the seagrass
Z. noltei and the remaining is bare sediment covered by MPB
and occasionally green macroalgae (Gomez Ordofez, 2008).
According to the extracted values from grain size distribution
maps (Sanchez De Lamadrid Rey and Muioz Pérez, 1994),
approximately 90% of the bare sediment in the inner Cadiz Bay
is muddy. When the differences in vegetation and sediment type
cover are taken into account, the annual net metabolism of MPB
for bare sediment is 285.9 t C year ! (257.3 and 10.4 t C year~!
for muddy and sandy sediments, respectively), whereas for the
sandy-muddy sediment covered by Z. noltei, the contribution of
MPB, based on the data from sampling stations SF3 and SF4 in SF,
is 177.2 t C year™ L. Thus, the total annual metabolism attributed
to intertidal MPB is 444.9 t C year ™!,

In order to calculate the MPB contribution to the total benthic
production in intertidal sediments in the inner Cadiz Bay, we
estimated the production of Z. noltei. Previous studies in the
area have estimated the total annual production of Z. noltei in
the Los Torufios area of Cadiz Bay to be 51 g C m™2 year™!
(Brun et al.,, 2003), corresponding to an annual production for
the entire bay of 464.1 t C year~!. Therefore, 48.9% of the
total intertidal benthic primary production would correspond
to MPB. Similarly, Asmus and Asmus (2000) estimated that
MPB production contributes up to 54% of the total primary
production on an intertidal Zostera bed in the Wadden Sea, 347 g
C m~2 year ! MPB production vs. 258 g C m~2 year~! for
Zostera. Therefore, our data confirm the important contribution
of MPB to the total primary production in coastal shallow systems
(Underwood and Kromkamp, 1999) even in the presence of
important primary producers such as seagrass meadows.

CONCLUSION

Our results suggest that the seasonal and spatial variability of
MPB biomass and MPB Py in different locations within the
same system can be affected by different sets of environmental
factors. This variability makes producing good PP predictive
models with general applicability to different environments
very difficult. Nonetheless, from system intercomparison, it
seems that seasonal and spatial patterns of MPB Py along the
intertidal seem to depend on latitudinal conditions of daylight
irradiance and temperature and on substrate type, the latter being
strongly related with the hydrodynamic conditions in the zone in
question. Clearly, more work, combining laboratory experiments
and field studies, is needed to disentangle the relationships
between MPB biomass and net metabolism and the rather high
number of environmental variables that have been used to explain
the standing stock of MPB and its biological activity in the
intertidal zone. Most of these variables change at different spatio-
temporal scales, complicating further the investigation on their
role on MPB patterns. New techniques, such as the aquatic eddy
correlation technique or in situ continuous oxygen profiling,
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will allow exploring long-term changes of PPypp in situ with
non-destructive techniques. This, in addition to the progress
in remote sensing with the increasing availability of satellite
images of increased quality and resolution, will aid in estimating
with higher precision PPypp and its contribution to estuarine
primary production.
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