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Tidal estuaries are regarded as highly important ecosystems, mostly due to their high

primary productivity and associated role as carbon sinks. In these ecosystems, primary

productivity is mainly due to the photosynthetic carbon fixation by phytoplankton and

microphytobenthos. The productivity of the two communities has been mostly studied

separately, and directly comparable estimates of their carbon fixation rates in the same

estuary are relatively scarce. The present study aimed to characterize the spatio-

temporal variability of the productivity of phytoplankton and microphytobenthos in a

tidal estuary, the Ria de Aveiro (Portugal). The productivity of the two communities

was determined using a common methodological approach, based on measurements

of in vivo chlorophyll fluorescence, allowing the estimation of the annual ecosystem-

level budget for carbon fixation by the two groups. Productivity rates were determined

based on synoptic in situ measurements of absolute rates of electron transport rate of

photosystem II, using Pulse Amplitude Modulation fluorometry. Chlorophyll fluorescence

indices were accompanied by measurements of salinity, temperature, water turbidity,

solar irradiance, and planktonic and benthic microalgal biomass. Measurements were

carried out hourly, along four spring-neap tidal cycles distributed along 1 year, on three

sites of the estuary. The most pronounced trends in the spatio-temporal variability of

the photophysiology and productivity of the two communities were the following: (i)

maximum biomass and productivity were reached later for microphytobenthos (summer-

autumn) than for phytoplankton (spring-summer); (ii) the absorption cross-section of

PSII was generally higher for phytoplankton; (iii) the two groups showed a similar

photoacclimation state, but microphytobenthos appeared as high light-acclimated when

compared to phytoplankton. Biomass-specific productivity was on average higher for

phytoplankton than for microphytobenthos, averaging 68.0 and 19.1 mg C mg Chl

a−1 d−1, respectively. However, areal depth-integrated production rates were generally

higher for the microphytobenthos than for the phytoplankton, averaging 264.5 and
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140.0 mg C m−2 d−1, respectively. On an annual basis, phytoplankton productivity

averaged 49.9 g C m−2 yr−1 while the productivity of microphytobenthos averaged

105.2 g C m−2 yr−1. When upscaling to the whole estuary, annual primary production

rates of phytoplankton and microphytobenthos reached 4894.3 and 7534.0 t C yr−1,

respectively, representing 39.4 and 60.6% of the combined total of 12428.3 t C yr−1

determined for the two communities in the Ria de Aveiro.

Keywords: chlorophyll a fluorescence, estuaries, diatoms, microphytobenthos, photoacclimation,

photosynthesis, phytoplankton, productivity

INTRODUCTION

Estuaries and coastal zones support a variety of important
ecosystem services, including nutrient cycling, flood control,
and provision of nursery ground for a large diversity of marine
animal species (Hope et al., 2019). At the same time, these
areas are currently under direct threat from heavy human
use, such as industrial and agricultural activities, littering and
global climate changes (Barbier et al., 2011). The importance
attributed to these habitats is largely justified by their high rates
of primary productivity, ranking among the highest in both
aquatic and terrestrial ecosystems, supporting important food
webs and affecting atmospheric carbon sequestration (McLusky
and Elliott, 2007). In tidal estuaries and shallow coastal zones,
primary productivity is mostly due to the photosynthetic carbon
fixation by phytoplankton and microphytobenthos (Underwood
and Kromkamp, 1999). Although estuarine primary productivity
is often considered to be mainly due to phytoplankton
photosynthetic activity, the contribution of microphytobenthos
can be significant in tidal systems, having been estimated to
reach up to 50% of ecosystem-level carbon fixation (Cadée and
Hegeman, 1974; Joint, 1978). This is due to the light-limitation
of phytoplankton productivity, associated to the high turbidity
of the water column caused by sediment resuspension by strong
tidal currents (Ubertini et al., 2012; Pratt et al., 2014), and, on the
other hand, to the large intertidal areas formed during low tide,
which harbor dense and highly productive microphytobenthos
communities (Van Colen et al., 2014).

The assessment of the primary productivity of estuarine
areas is crucial to evaluate their role as carbon sinks, a
question particularly relevant in the current context of increasing
of atmospheric carbon levels due to anthropogenic action
(Bauer et al., 2013). However, the primary productivity of
phytoplankton and microphytobenthos communities have been
generally studied separately and only a relatively small number
of studies have attempted to provide directly comparable
estimates of carbon fixation rates of the two groups in
the same estuary (Cadée and Hegeman, 1974; Joint, 1978;
Fielding et al., 1988; Caffrey et al., 2014). This is likely
due to differences in the methodologies used to quantify
photosynthetic activity and carbon fixation in the water
column and in the sediment. The difficulties in obtaining
comparable estimates for phytoplankton andmicrophytobenthos
have been long recognized (Underwood and Kromkamp,
1999) and are essentially due to the drastic differences in

the vertical scale of the photic zone in the water column
(meters) and the sediment (micrometers). This has hampered
not only the estimation of integrated pelagic-benthic production
budgets but also the evaluation of the relative importance of
both communities.

This work aimed to assess the integrated pelagic-benthic
productivity in a tidal estuarine system, the Ria de Aveiro
(Portugal), by estimating photosynthetic rates of both
phytoplankton and microphytobenthos communities using
a common methodological approach. The primary productivity
of phytoplankton and microphytobenthos was estimated based
on measurements of in vivo chlorophyll fluorescence indices
combining the functional absorption cross section and the
effective quantum yield of photosystem II (PSII), enabling the
calculation of absolute rates of electron transport at PSII, which
is expected to be closely related with rates of photosynthetic
carbon fixation (Kromkamp et al., 1998; Migné et al., 2007;
Schreiber et al., 2012; Morelle et al., 2018). Measurements
were carried out on water and sediment samples, collected
on different sites of the estuary, selected to cover a wide
range of conditions, including distance to the mouth of the
estuary or sediment grain size, and covering the main scales
of temporal variability in the estuarine environment (hourly,
fortnightly and seasonal). This approach allowed for the detailed
characterization of the spatio-temporal variability of benthic
and pelagic photosynthetic activity, ultimately yielding the
estimation of an ecosystem-level budget of photosynthetic
carbon fixation by phytoplankton and microphytobenthos for
the whole estuary.

MATERIALS AND METHODS

Study Area, Sampling and Sample
Processing
The study was carried out in the Ria de Aveiro a coastal lagoon
located in the northwest coast of Portugal (40′38′N - 08′45′W).
The Ria de Aveiro comprises fourmain channels (S. Jacinto,Mira,
Ílhavo and Espinheiro), receiving fresh water from five rivers
(Vouga, Antuã, Cáster, Boco and Valas de Mira) (Araújo et al.,
2008). It connects to the Atlantic Ocean by a single artificial
inlet, allowing water circulation patterns typical of a tidal estuary
(Vaz and Dias, 2008). The Ria de Aveiro is a mesotidal system,
with mean tidal amplitude of 2 m, and amplitudes of 0.6 m
in neap tides and 3.2 m in spring tides (Vaz and Dias, 2008).
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FIGURE 1 | Ria de Aveiro, Portugal. The different habitats are highlighted in

green, for intertidal areas, blue for subtidal areas, and gray for other areas

(e.g., salt pans). Sampling sites are marked with a black dot: Vista Alegre (VA),

Gafanha da Encarnação (GE), and Torreira (TO).

It is a shallow, well-mixed system, with an average depth of
ca. 1 m (Dias et al., 1999). Further characterization of physical,
geomorphological, and ecological features of the Ria de Aveiro
can be found elsewhere (Dias et al., 1999, 2003; Tomás et al., 2014;
Bueno-Pardo et al., 2018).

Three sampling sites were selected, based on their contrasting
characteristics, namely location (channels, distance to the ocean),
hydrodynamics, salinity and sediment granulometry (Figure 1):
Gafanha da Encarnação, located in the Mira channel and closest
to the mouth of the estuary, characterized by sandy sediments
(GE; 40◦35′18′′ N, 08◦41′06′′ W); Vista Alegre, located in
the Canal de Ílhavo, characterized by fine muddy sediments
(VA; 40◦37′12′′ N, 08◦44′54′′ W); Torreira, in the S. Jacinto
channel, characterized by coarser muddy sand (TO; 40.758403 N,
8.676949 W). The three sampling sites are described in more
detail in Frankenbach et al. (2019).

Sampling was carried along four spring-neap tidal cycles,
distributed over the period between July 2013 and June 2014,
to assess seasonal variability (summer: 16–18 and 23–25 July
2013; autumn: 29–31 October and 4–6 November 2013; winter:
12–13 and 18–20 February 2014; spring: 27–29 May and 3–
5 June 2014). For each neap or spring tidal period, sampling

was carried out on the three sites on consecutive days, one for
each site. During each sampling day, samples were collected
hourly, from sunrise to sunset, and all measurements were carried
out in situ (see below) immediately following collection. Water
samples were collected from surface water (ca. 0.5 m deep), at
the shoreline (GE) or from an overlying bridge (VA, TO), using a
bucket and transferred into 1.5 L bottles. Sediment samples were
collected only during daytime low tide exposure, using Plexiglas
corers (3.6 cm internal diameter), and were subsampled for
quantification of chlorophyll a, as an indicator of surface biomass
(see below) by cryo-sampling using mini contact cores (“crème
brûlée” technique; Laviale et al., 2015). Different sample depths
were collected for each sampling site, to match the expected
depth of the photic zone on each type of sediment (0.25, 0.5, and
2.0 mm for VA, GE, and TO respectively). Samples were flash
frozen immediately after collection and kept in liquid nitrogen
until further analysis in the laboratory. Microphytobenthos cell
suspensions were collected from the sediment surface using the
lens tissue technique (Eaton and Moss, 1966). Two layers of
lens tissue (Lens cleaning tissue 105, Whatman) were placed on
the sediment surface for 1 h and the upper piece was collected
and resuspended in falcon tubes with 10 ml of filtered seawater.
Chlorophyll a fluorescence was measured immediately after
preparation of the suspensions (1.25 ml).

Physical Parameters
Photosynthetic active radiation (E, 400–700 nm; see Table 1 for
notation) was measured hourly, at the time of sample collection,
using a quantum meter (Model MQ-200, Apogee Instruments,
Logan, UT, United States). Sediment temperature was measured
with an infrared thermometer (ScanTemp 410, Tematec GmbH,
Hennef, Germany). Water temperature, salinity and turbidity
(NTU) were measured using a multi-parameter Sonde YSi 6600
(YSI incorporated, Yellow Springs, OH, United States) at the
same locations used for collecting water. This allowed to measure
salinity in a range from 0 to 70 ppt (±0.1 ppt), temperature
from −5 to 50◦C (±0.15 ◦C) and turbidity from 0 to 1000
NTU (±0.3 NTU).

Biomass
Biomass of phytoplankton andmicrophytobenthos was estimated
by quantifying chlorophyll a content. Water samples (1 L, one
replicate per sampling point) were filtered in cellulose nitrate
filters (0.8 µm pore size, 47 mm diameter) and immediately
frozen at −80◦C until pigment extraction. Sediment samples
(three replicates per sampling point), collected with mini
contact cores, were kept frozen prior to the pigment extraction.
Chlorophyll a content was quantified spectrophotometrically
following Lorenzen (1967). Pigments from all samples were
extracted in 90% aqueous acetone. Samples were homogenized
in a vortex, to ensure a good mixing between the sample (filters,
sediments or pellets, depending on the sample type) and the
extraction solvent. Extraction was done in the dark, at 4◦C, for
24 h. Samples were centrifuged (3000 g, 10 min, 4◦C) and the
absorptance of the supernatant was read in a spectrophotometer
(Thermo Fisher Scientific, Waltham, United States) at 664 and
750 nm, with acetone 90% used as a blank. Acidification was
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TABLE 1 | Notation.

Parameter Description

α Initial slope of a rETR vs. E curve [µmol quanta−1 m2 s]

σII Absorption cross-section of PSII [nm2]

Chl a Chlorophyll a concentration [mg Chl a m−3 or mg Chl a m−2]

Css Concentration of cohesive sediments [mg L−1]

d Day

E PAR irradiance [µmol quanta m−2 s−1]

Ek Light-saturation parameter of a rETR vs. E curve [µmol quanta

m−2 s−1]

E(z) PAR irradiance [µmol quanta m−2 s−1] at depth z

ETR Absolute electron transport rate of PSII [e− PSII−1 s−1]

rETR Relative electron transport rate of PSII [dimensionless]

rETRm Maximum rETR in a rETR vs. E curve [dimensionless]

Fo, Fm Minimum and maximum fluorescence of a dark-adapted sample

[arbitrary units]

Fs, Fm’ Steady-state and maximum fluorescence of a light-adapted

sample [arbitrary units]

Fv/Fm Maximum quantum yield of PSII [dimensionless]

1F/Fm’ Effective quantum yield of PSII [dimensionless]

FRRF Fast repetition rate fluorometry

GE Gafanha da Encarnação

ks Light extinction coefficient in the sediment [mm−1]

kw Light extinction coefficient in the water column [m−1]

M(C), M(Chl) Molar mass of carbon and chlorophyll a [g mol−1]

MPB Microphytobenthos

ne(O2) Number of electrons required for evolution of 1 molecule of O2

[e− O2
−1]

NT Neap tides

P Depth-integrated photosynthetic rate [mg C m−2 h−1]

PB Biomass-specific photosynthetic rate [mg C mg Chl a−1 d−1]

PAR Photosynthetic active radiation

PP Phytoplankton

PQ Photosynthetic quotient [mol C mol O2
−1)]

PSII Photosystem II

PSU Number of chlorophyll a molecules per photosynthetic unit [Chl a

PSII−1]

RLC Rapid light-response curve

rO2 Rate of O2 evolution [mmol O2 mg Chl a−1 s−1]

ST Spring tides

TO Torreira

Turb Turbidity [mg L−1]

VA Vista Alegre

yr Year

z Depth

done by adding 12 µl of HCl 1 M. Chlorophyll a content was
expressed per volume as mgm−3 (phytoplankton) or per area mg
m−2 (microphytobenthos).

Chlorophyll a Fluorescence
Chlorophyll a fluorescence was measured using a Multi-Color
PAM fluorometer, controlled by the PamWin V3.12w software
(Heinz Walz GmbH, Effeltrich, Germany). Blue light (peaking at
440 nm) was used for the measuring and actinic light, and for
the saturating light pulses. In the MCP-D detector unit, a RG

665 long pass filter (>650 nm, 3 mm RG665, Schott) was used.
Fluorescence of cell suspensions was measured in a 10 × 10 mm
quartz cuvette using the ED-101US/MD optical unit, coupled to a
magnetic stirrer (PHYTO-MSMiniature Magnetic Stirrer, Walz).
Fluorescence of microphytobenthos suspensions was measured
using the MCP-BK Optical Unit for Leaf Measurements (Walz).
The fluorometer was zeroed using filtered seawater as a blank
(cells suspensions) or by pointing the MCP-BK Optical Unit to
empty space (sediment samples). Measurements were carried out
by running a user-defined Script-file, comprising the following
steps: 30 s of darkness; measurement of the absorption cross
section of PSII (σII; see below); 30 s of darkness; rapid light
curves (RLC; see below); 60 s of actinic light, of intensity
matching the solar irradiance at themoment of sample collection;
measurement of the effective quantum yield (1F/Fm’, see below).
During the periods of darkness, far-red illumination (725 nm)
was applied to induce the fully re-oxidation of the plastoquinone
pool. The first measurement of each RLC was taken as a proxy
for the maximum quantum yield of PSII, Fv/Fm. Samples were
magnetically stirred between measurements. At each occasion,
measurements were carried out on three replicates.

Absorption Cross Section of PS II
The absorption cross section of PS II, σII, was measured from
the O–I1 rise kinetics, following Schreiber et al. (2012). The O–
I1 rise kinetics was measured under strong light (440 nm), using
the pre-programmed Sigma 1000_MT.FTM fast trigger file. σII

was then calculated by running the special fitting routine O-I1 Fit
(PamWin V3.12w software,Walz), based on the reversible radical
pair model of PS II (Schreiber et al., 2012).

Effective Quantum Yield and Relative
Electron Transport Rate of PSII
The effective quantum yield (1F/Fm’) and the relative electron
transport rate of PSII (rETR) were calculated from the
fluorescence parameters Fs and Fm’ (steady-state and maximum
fluorescence of a light adapted sample, respectively) and the
incident photosynthetically active radiation (E; measured in situ
or applied as actinic light by the fluorometer), by Genty et al.
(1989):

1F

F′

m
=

F
′

m − Fs
F′

m
(1)

and

rETR = E
F

′

m − Fs
F′

m
(2)

Light-Response Curves of rETR
Rapid light-response curves (RLCs) of rETR were generated by
sequentially applying 12 incremental lights steps (between 0 and
2180 µmol quanta m−2 s−1) of 10 s. RLCs were described by
estimating the initial slope (α), the maximum rETR (rETRm) and
the photoacclimation parameter Ek, by fitting the model of Eilers
and Peeters (1988) as described in Frankenbach et al. (2018).
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Absolute ETR and Carbon Fixation Rates
Absolute rates of electron transport at PSII were estimated
following the rationale described by Schreiber et al. (2012), based
on the determination of the rate of quantum absorption per PSII
(e− PSII−1 s−1):

ETR = σII L E
1F/F

′

m

Fv/Fm
(3)

with L being the Avogadro’s constant (0.6022 mol−1). Carbon
fixation rates (biomass-specific photosynthetic hourly rates; mg
C mg Chl a−1 h−1) were estimated from (i) hourly rates of O2

evolution (mmol O2 mg Chl a−1 s−1), estimated by:

rO2 =
ETR

PSU ne (O2) M
(

Chl
) (4)

where PSU is the number of chlorophyll a molecules per
photosynthetic unit, ne(O2) is the number of electrons required
for evolution of 1 molecule of O2 and M(Chl) is the molar mass
of chlorophyll a (893.49 g mol−1); and (ii) the ratio of oxygen
produced per fixed carbon (photosynthetic quotient, PQ; mol C
mol O2

−1):

PB =
rO2

PQ
M (C) 3600 (5)

where M(C) is the molar mass or carbon (12.01 g mol−1) and
3600 is the conversion factor for hourly rates. PSU and ne(O2)
were assumed to be equal to 600 Chl a PSII−1 and 5 e− O2

−1,
respectively, based on the experimental data compiled by Suggett
et al. (2010). PQ was assumed to be 1.1 mol C mol O2

−1

(Kromkamp et al., 2008). All these parameters were assumed to
remain constant across sampling sites and dates of sampling.
Daily carbon fixation rates were calculated by integrating the
hourly rates for each daytime period.

Areal Rates of Carbon Fixation
Areal rates of carbon fixation were estimated by integrating over
depth the biomass-specific photosynthetic rates calculated by Eq.
(5), using the method described by MacIntyre et al. (1996). For
each depth z below the surface of the water (phytoplankton) or
the sediment (microphytobenthos): (i) incident irradiance E(z)
was calculated from light the attenuation coefficient kw or ks
(for the water column and sediments, respectively; see below)
assuming an exponential decrease with depth; (ii) the biomass-
specific photosynthetic rate PB(z) was calculated from the light-
response curve (PB vs. E) measured for the corresponding
sampling time and site, using E(z) as an input; light-response
curves of PB were calculated by applying Eqs. 3–5 to the rETR
vs. E curves (RLCs). PB(z) was calculated for depth intervals 1z
of 10−6 mm (sediment) or 10−6 m (water column) and depth-
integrated rate P (mg C m−2 h−1) was calculated summing
over all depth intervals and multiplying by the chlorophyll a
concentration, Chl a, assumed to be distributed evenly within the
water column or the sediment (mg Chl am−3):

P =

∑

z

PB (z) 1z Chla (6)

For the microphytobenthos, PB(z) was calculated based on the
light curves measured on cells collected in lens tissues, integrated
numerically over depth using the attenuation coefficient
measured for each type of sediment. Chlorophyll a concentration
(mg Chl a m−3) was calculated considering the volume
sampled by the contact core used for each sampling site.
For the phytoplankton, PB(z) was depth integrated from the
surface until the maximum depth of the water column at each
sampling moment.

Light Attenuation Coefficients
Spectral scalar irradiance profiles of PAR in sediments of
the sampling sites were measured with a custom-made scalar
field radiance probe connected to a spectrophotometer (USB
2000+, Ocean Optics, Duiven, Netherlands), and recorded using
the spectral acquisition software Spectra Suite (Ocean Optics).
The custom-made sensor consisted of a light diffusing sphere
with a diameter of 90 µm, attached to the coated tip of a
tapered optical fiber (Rickelt et al., 2016). The sensor was
mounted on a motorized micromanipulator and positioned
on the sediment surface in a 45◦ angle to minimize self-
shading. To account for the insertion angle, the sensor was
moved downwards in 141.4 µm steps to record spectral
irradiance profiles in vertical depths of 100 µm increments.
Spectral data were normalized to the incident downwelling
irradiance recorded on a black non-reflective surface at the
same position relative to light source and sediment surface.
The light attenuation coefficients (ks, mm−1) were determined
by the slope of the linear decay of the natural logarithm
transformed percentage of incident light intensity as a function
of depth, down to a maximum depth of 0.8 mm (Kühl,
2005). Measurements were replicated on three different samples
per sampling site.

For the water column, the light extinction coefficient, kw
(m−1), was estimated from measurements of turbidity (Turb,
NTU), assuming to be proportional to the concentration
of cohesive sediments (Css, mg L−1), using the following
relationships (Portela, 1996; Vaz et al., 2019):

Css = 3.42 Turb + 3.0 (7)

and
kw = 0.036 Css + 1.24 (8)

Estimation of Ecosystem-Level Annual
Primary Productivity
A tentative estimate of the annual primary productivity of the
phytoplankton and microphytobenthos of the entire estuary
was calculated by multiplying the daily rates P, measured
at each season and tidal cycle (spring vs. neap), by the
number of days of each season (91 days, 1/4 of the year)
corresponding to spring tides or to neap tides (45.5 days).
Daily rates were calculated by summing the hourly rates
determined for each day of sampling. Upscale to the whole
estuary was done by considering the total flooded area of the
estuary (phytoplankton) and the area corresponding to intertidal
flats (microphytobenthos). The former was estimated from the

Frontiers in Marine Science | www.frontiersin.org 5 March 2020 | Volume 7 | Article 170

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Frankenbach et al. Esturian Phytoplankton and Microphytobenthos Production

mean value between the area covered by water during mean
high tide and during mean low tide (89.2 and 64.9 km2,
respectively; Lopes et al., 2013). The areas corresponding to
each type of sediment type were the ones determined in
Frankenbach et al. (2019): 34, 16 and 5 km2 for TO, GE and
VA, respectively. The area corresponding to the phytoplankton
was estimated to reach 100 km2, by adding the subtidal and
the total intertidal areas calculated by Frankenbach et al. (2019).
The modeling approach used to estimate the area rates of
carbon fixation by phytoplankton and microphytobenthos is
summarized in Figure 2.

Statistical Analysis
Measurements made on different sampling sites and occasions
were compared by applying two-way ANOVAs, and by
post hoc Tukey HSD test. Assumptions of normality and
homoscedasticity were verified prior to analysis using the
Shapiro–Wilk test and Levene’s test, respectively. In case of
violation of assumptions, data were log transformed. All
statistical analyses were carried out using Statistica 10 (StatSoft,
Tulsa, OK, United States).

RESULTS

Hourly Variability in Physical Conditions,
Photophysiology, and Biomass-Specific
Productivity
Figures 3–5 illustrate the typical hourly variability in abiotic and
photophysiological parameters in the three sampling sites for
2 days, on neap and spring tides, during July 2013. A marked
hourly variability in abiotic factors was observed in both the water
column and intertidal sediments. Water column turbidity varied
markedly during the tidal cycle, typically reaching higher values
during low tide (Figures 3–5A,B) and showing short periods
of very high values close to the tidal ebb (Figures 3A,B) or
flood (Figure 4B).

Water temperature was relatively constant during high tide
(deeper water column), typically increasing along the ebb,
especially when occurring at mid-day (neap tides; Figures 3D,
4C,D, 5D). On some days, on the site closest to the mouth
of the estuary (GE), a sharp inversion of water temperature
could be observed at the mid of the low tide period,
associated with an equally marked change of salinity, revealing
a sudden replacement of water masses at the sampling site,
from freshwater-dominated (higher temperature, low salinity)
to oceanic (lower temperature, high salinity) (Figure 4D). The
tides had a measurable impact on the water temperature, as the
incoming oceanic seawater during flood was often substantially
cooler than the estuarine water. Sediment temperature exhibited
the same general pattern as the water column, with higher values
being recorded during low tide, when sediment was exposed
(Figures 3–5C,D), but especially during spring tides, when
low tide occurred at mid-day (Figures 3–5D). The sediment
was typically warmer than water column, often reaching values
above 25◦C (Figure 3D), as measurements were taken during

diurnal low tide, when the sediment surface was exposed to
direct sunlight.

Water column salinity was often lower during low tides, when
the influence of freshwater was the greatest, and higher in high
tide, reaching values typical of seawater (around 35). This pattern
of variation was more marked in site GE, the one closest the
estuary mouth (e.g., Figures 4C,D). On site TO, water salinity
remained virtually constant due to reduced influx of fresh water
in that canal (Figures 3C,D).

Phytoplankton biomass, as measured by chlorophyll a
concentration in the water column, showed a large hourly
variability, particularly in sites TO and GE during spring tides
(Figures 3E,F, 4F). Maximum values tended to occur during
the low tide periods (Figures 3–5F). Variations from about 1.5
to 7.5 mg Chl a m−3 in a period of 4 h were observed in
site TO (Figure 3F). At site VA, the farthest from the estuary
mouth, hourly variations were much smaller (Figures 5E,F). In
contrast with the water column, the chlorophyll a content of
the sediment did not show a consistent pattern of variation,
although in some instances the two parameters displayed a
similar pattern of variation, with maximum values during the low
tide periods (Figure 4F).

The effective quantum yield of PSII, 1F/Fm’, also varied
markedly along the day, both for phytoplankton and
microphytobenthos. The same overall pattern was observed
for the two groups, with values varying from 0.5 to 0.6 during
early morning or late afternoon, and around 0.1, when solar
irradiances were the highest. For the phytoplankton, this pattern
was observed in all days, with 1F/Fm’ mainly responding
(inversely) to solar irradiance, irrespectively of tidal stage.
During neap tides, an almost symmetrical pattern was found,
with the decrease of 1F/Fm’ observed during the morning
recovering completely during the afternoon (Figures 3–5G).
On days during spring tides, the recovery of 1F/Fm’ appeared
incomplete (Figures 3–5H), likely associated to the shallower
water column during themiddle of the day, allowing the exposure
of the cells to higher light levels, higher temperature and lower
salinity, conditions prone to cause a higher slowly reversible
photodamage. For the microphytobenthos, 1F/Fm’ values
were generally similar to those of phytoplankton, following
the same overall trend of varying inversely with incident solar
irradiance (Figures 3–5G,H).

The absorption cross section of PS II, σII, was characterized
by a large variability between replicates, especially for
phytoplankton (e.g., Figures 3–5G). Both for phytoplankton
and microphytobenthos, σII varied similarly to 1F/Fm’, largely
responding inversely to solar irradiance (e.g., Figure 3G,
microphytobenthos). However, σII seemed to be more affected
by tidal stage, as in some days it did not decrease under
high solar irradiance if under high tide (Figures 4G,H;
phytoplankton and microphytobenthos). σII was consistently
lower for microphytobenthos than for phytoplankton. Clear
trends of hourly variation were not very evident, although a
tendency to vary inversely with irradiance could be identified
(e.g., Figures 3–5H).

Short-term photoacclimation status, as measured by RLC
parameters α and rETRm, varied hourly both for phytoplankton
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FIGURE 2 | Schematic describing the modeling workflow followed in this study. Biomass-specific productivity rates (PB, mg C mg Chl a−1 h−1) were calculated

from irradiance (E) and fluorescence-based parameters (Fv/Fm, 1F/Fm’, σII). Productivity per unit area was calculated by depth-integrating PB using light-response

curves of PB, chlorophyll a content, and light attenuation. Depth-integration was carried out differently for phytoplankton (PP) and microphytobenthos (MPB), using

light attenuation coefficient for the water column (kw) and the sediment (ks), respectively. Parameters in green were measured in this study. Parameters in blue were

taken from published sources. Numbers represent the equations describing each step.

and microphytobenthos. However, changes in photoacclimation
status were driven mostly by changes in rETRm than in α.
On most days, rETRm varied markedly, showing a well-defined
pattern of variation, increasing toward the middle of the day,
and reaching minimum values at beginning and end of the day
(Figures 4, 5I,J). In the case of phytoplankton, light-limited
photosynthesis (denoted by α) remained relatively constant along
the day, on most days (e.g., Figures 4I, 5J), but occasionally
showed erratic, short-term variations (Figure 3J). In the case
of microphytobenthos, α and rETRm values were similar to
those measured in the water column, although rETR varied
following less defined trends, andmore variable in absolute terms:

similar (Figure 3I), significantly lower (Figure 4I) or significantly
higher (Figure 4J).

Spatio-Temporal Variability: Fortnight
and Seasonal Time Scales
Mean daily solar irradiance (average of hourly values measured
during the whole photoperiod) varied markedly with season,
with maximum values being measured in July and in May/June
(Figures 6A–C). However, the variation in incident solar
irradiance between spring and neap tides was partially due to
changes in cloud cover during the sampling days (Figures 6A–C).
Considering the high turbidity of the water column, the total
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FIGURE 3 | Hourly variation of abiotic (A–D) and photophysiological (E–J) parameters along one day in Torreira (TO) during neap (A,C,E,G,I) and spring tide

(B,D,F,H,J) in July 2013. Blue areas represent high tide; vertical bars demonstrate the beginning and end of the high tide. Mean values of three replicates. Error bars

represent one standard error. PP, phytoplankton; MPB, microphytobenthos.
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FIGURE 4 | Hourly variation of abiotic (A–D) and photophysiological (E–J) parameters along one day in Gafanha de Encarnação (GE) during neap (A,C,E,G,I) and

spring tide (B,D,F,H,J) in July 2013. Blue areas represent high tide; vertical bars demonstrate the beginning and end of the high tide. Mean values of three replicates.

Error bars represent one standard error. PP, phytoplankton; MPB, microphytobenthos.
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FIGURE 5 | Hourly variation of abiotic (A–D) and photophysiological (E–J) parameters along one day in Vista Alegre (VA) during neap (A,C,E,G,I) and spring tide

(B,D,F,H,J) in July 2013. Blue areas represent high tide; vertical bars demonstrate the beginning and end of the high tide. Mean values of three replicates. Error bars

represent one standard error. No temperature data available for the spring tide sampling day (D). PP, phytoplankton; MPB, microphytobenthos.
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daily light doses received at the intertidal sites varied substantially
on the timing of the low tide period (Figures 6A–C). Also,
because of the delay in tidal propagation inside the estuary,
causing the timing of low tide to vary between the sampling sites,
a systematic variation in daily solar light dose received in the
three sites was observed. Water turbidity was relative constant
across sampling sites and seasons, being affected mainly by tide,
but a tendency for higher values during autumn and winter was
observed. Occasional peaks in turbidity were measured, causing
a large data dispersion (e.g., TO, July; Figure 6A).

Water and sediment temperature showed a clear seasonal
variation in all sampling sites, with maximum average values
occurring in July (23.3 ± 1.83◦C for water in TO, and
28.3 ± 0.96◦C in sediments at VA) and minimum values
(10.3 ± 0.63◦C, for water at TO and 12.3 ± 0.58◦C for sediments
in GE) being observed in February. A virtually identical seasonal
pattern was found for all sampling sites (Figures 6D–F). The
seasonal variation in water temperature was closely followed
by equally large changes in water salinity, at all sampling sites.
Highest average salinities were observed in July (35.0± 0.52), and
the minimum values in February (2.0 ± 2.47), directly resulting
from the seasonal variation in freshwater input (Figures 6D–F).
Minimum salinity values, close to zero, were recorded in winter
at site VA, the sampling site locate farthest from the mouth of the
estuary (Figure 6F).

Both the biomass of phytoplankton and microphytobenthos
(as expressed per unit area) varied significantly with seasons
(ANOVA, F3,817 = 319.54; P < 0.001; and F3,317 = 13.54;
P < 0.001, respectively; Figures 5G–I). However, the two
communities differed regarding the timing when the maximum
biomass was reached, its variation with spring-neap tidal cycle,
and its spatial distribution. In the case of the phytoplankton,
maximum average values were observed in spring and
summer, and the lowest in winter (Figures 6G–I). In contrast,
microphytobenthos biomass reached maximum values later in
the year, in summer and autumn. On average, the biomass of
phytoplankton was significantly higher in spring than in neap
tides (ANOVA, F1,817 = 25.14; P < 0.001), although an exception
to this general pattern was observed in May/June (Figure 6I).
For the microphytobenthos, the differences between spring and
neap tides were overall not significant (ANOVA, F1,317 = 1.47;
P = 0.226), despite some marked differences at particular
moments (February and October/November, Figures 6H,I).
Both phytoplankton and microphytobenthos biomass varied
significantly between sampling sites (ANOVA, F2,817 = 25.14;
P < 0.001, and F2,317 = 45.07; P < 0.001, respectively), and
in both cases the highest values were measured at site TO. In
the case of phytoplankton, the remaining two sites did not
differ significantly (Tukey HSD, P > 0.05). Regarding the
microphytobenthos, all sampling sites differed from each other
(Tukey HSD, P < 0.001 for all pairwise comparisons), the lowest
biomass values being found for site VA (Figures 6G–I).

Phytoplankton and microphytobenthos also differed
regarding the spatio-temporal variability of photophysiological
parameters 1F/Fm’ and σII. In the case of the phytoplankton,
both 1F/Fm’ and σII varied significantly with seasons (ANOVA,
F3,820 = 230.74; P < 0.001 and F3,705 = 43.63; P < 0.001,

respectively; Figures 6J–O), the maximum values being
measured in summer and theminimum in winter (Figures 6K,L).
In the case of microphytobenthos 1F/Fm’ and σII also varied
significantly with seasons (F3,335 = 48.02; P < 0.001 and
F3,335 = 27.44; P < 0.001, respectively). However, maximum
values were observed during autumn (1F/Fm’) or summer
(σII), while minimum values were measured in spring, for both
parameters (Figures 6M–O).In the case of the phytoplankton,
1F/Fm’ varied significantly between spring and neap tides
(higher values during spring tides) (ANOVA, F1,820 = 67.01;
P < 0.001), while σII did not show significant differences
(ANOVA, F1,705 = 1.78; P > 0.1). The opposite pattern was
observed for microphytobenthos, with σII varying between
spring and neap tides (ANOVA, F1,335 = 10.65; P < 0.01),
and 1F/Fm’ increasing significantly from neap to spring tides
(ANOVA, F1,335 = 15.414; P < 0.001). In terms of spatial
variation, phytoplankton showed a significant variation in
1F/Fm’ between sampling sites (ANOVA, F2,820 = 28.04;
P < 0.001), with maximum values occurring at TO and
minimum ones at VA, while no differences among sites were
found regarding σII (ANOVA, F2,705 = 2.29; P > 0.1). In the
case of the microphytobenthos, 1F/Fm’ also varied significantly
between sampling sites (ANOVA, F2,335 = 6.61; P < 0.01), with
maximum values being observed for site VA and minimum
for site GE. σII varied significantly between sites (ANOVA,
F2,335 = 22.46; P < 0.001), but showed the opposite pattern,
with maximum values occurring at site GE and minimum ones
at VA (Figures 6M–O). Still regarding the parameters 1F/Fm’
and σII, phytoplankton and microphytobenthos differed not only
concerning their spatio-temporal variability, but also in terms of
their absolute values. While 1F/Fm’ showed comparable values
for the two groups (0.43 ± 0.16 and 0.47 ± 0.09, respectively;
ANOVA, F1,44 = 1.13; P > 0.1), σII was significantly higher in
the case of the phytoplankton (1.80 ± 1.19 and 1.19 ± 0.03 for
phytoplankton and microphytobenthos, respectively; ANOVA,
F1,44 = 25.25, P < 0.001).

Regarding the photoacclimation state, phytoplankton samples
showed a significant seasonal variability in both light-limited (α)
and light-saturated (rETRm) photosynthetic activity (ANOVA,
F3,751 = 456.82; P < 0.001 and F3,749 = 307.2; P < 0.001,
respectively), with maximum and minimum values occurring
in spring and in winter, respectively (Figures 6P–R). The two
parameters were also significantly higher during spring than
during neap tides (ANOVA, F1,751 = 71.44; P < 0.001 and
F1,749 = 74.80; P< 0.001, respectively). Spatially, differences were
found only regarding α (ANOVA, F2,751 = 41.37; P< 0.001), with
maximum values being reached at site TO and minimum ones at
site VA (Figures 6P,R). Regarding the microphytobenthos, also
both α and rETRm varied significantly among seasons (ANOVA,
F3,335 = 7.661; P < 0.001 and F3,334 = 46.44; P < 0.001,
respectively), but maximum values were reached in autumn
and minimum ones in winter (Figures 6S–U). As observed for
the phytoplankton, both parameters showed significantly higher
values during spring tides than during neap tides (ANOVA,
F1,335 = 5.44; P < 0.05 and F1,334 = 81.94; P < 0.001, for α

and rETRm respectively). Both α and rETRm varied significantly
between sampling sites (ANOVA, F2,335 = 8.654; P < 0.001
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FIGURE 6 | Seasonal variation of abiotic (A–F) and photophysiological (G–X) parameters in sampling sites Torreira (TO; A,D,G,J,M,P,S,V), Gafanha da Encarnação

(GE; B,E,H,K,N,Q,T,W) and Vista Alegre (VA; C,F,I,L,O,R,U,X) during spring (full circles) and neap tide (empty circles), for phytoplankton (blue) and

microphytobenthos (yellow). Mean values of three replicates. Error bars represent one standard error. PP, phytoplankton; MPB, microphytobenthos.
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and F2,334 = 3.45; P < 0.05, respectively), in both cases
reaching higher values at site VA and minimum values at site
GE (Figures 6T,U).

This large spatio-temporal variability in α and rETRm was
reflected in substantial variations in the photoacclimation
parameter Ek (data not shown). For both communities, Ek
varied significantly over seasons (ANOVA, F3,754 = 4.3;
P < 0.01 and F3,334 = 39.91; P < 0.001, respectively), reaching
maximum values in spring and autumn (phytoplankton) or
in spring (microphytobenthos). For both types of samples,
Ek was significantly higher during spring than during neap
tides (ANOVA, F1,754 = 4.6; P < 0.05 and F1,334 = 79.10;
P < 0.001, for phytoplankton and microphytobenthos,
respectively). For the phytoplankton, Ek varied significantly
between sampling sites (ANOVA, F2,754 = 11.6; P < 0.001),
the highest values occurring at site VA and the minimum
at site TO. In contrast, no significant differences were
found between sampling sites for microphytobenthos
(F1,334 = 0.77; P = 0.466). Overall, the photoacclimation
state of phytoplankton and microphytobenthos appeared
to be very similar, with Ek values averaging 490.8 ± 211.7
and 491.5 ± 175.7 µmol quanta m−2 s−1, respectively.
However, with the exception of the winter sampling period,
Ek was higher for microphytobenthos (ranging from
490.7 ± 197.5 in summer to 561.9 ± 124.9 µmol quanta
m−2 s−1 in spring), than for phytoplankton (ranging from
408.5 ± 28.5 in summer to 473.6 ± 107.7 µmol quanta
m−2 s−1 in spring).

Biomass-Specific Productivity
Despite the differences observed in the physical conditions
between the water column and intertidal sediments, and
between the photophysiological and photoacclimation state
of phytoplankton and microphytobenthos, the spatio-temporal
patterns of variability of daily biomass-specific rates, PB, of
the two communities was relatively similar (Figures 6V–X).
For both communities, the daily rates of carbon fixation
varied significantly with season (ANOVA, F3,719 = 58.56;
P < 0.001 and F3,315 = 17.40; P < 0.001, respectively) and
phase of the spring-neap tidal cycle (ANOVA, F1,719 = 4.83;
P < 0.05 and F1,315 = 5.19; P < 0.05, respectively).
Maximum values were obtained for summer and spring,
during spring tides, and minimum values for winter and neap
tides. No significant differences were found between sampling
sites. However, the absolute values of PB were on average
higher for the phytoplankton than for the microphytobenthos,
averaging 68.0 ± 26.1 and 19.1 ± 10.3 mg C mg Chla−1

d−1, respectively.

Light Attenuation Coefficients
The vertical light profiles measured in sediment samples
from the three sampling sites revealed an exponential
attenuation of downwelling irradiance, enabling a very good
fit of an exponential model (Figure 7). The attenuation
coefficient ks ranged from 3.9 ± 0.8 mm−1 (TO) to
9.0 ± 0.8 mm−1 (VA), GE reaching the intermediate value
of 6.1 ± 0.6 mm−1.

FIGURE 7 | Vertical profile of spectrally averaged irradiance (percentage of

incident irradiance) in intertidal sediments of the three sampling sites Vista

Alegre (VA), Gafanha da Encarnação (GE) and Torreira (TO). Numbers are the

downwelling light attenuation coefficients (ks) for each type of sediment. Mean

values of three replicates. Error bars represent one standard error.

Areal Production Rates
Despite the fact that the rates of biomass-specific production were
higher for phytoplankton (Figure 6), the depth-integrated areal
rates of microphytobenthos were often much higher, due to the
higher biomass involved in photosynthetic activity (Figures 8A–
D). The difference between the two groups was particularly
large when the periods of low tide occurred at the middle
of the day (e.g., Figures 8B–D). The higher productivity of
microphytobenthos was also found when comparing daily rates,
despite the shorter periods of light exposure considered for
their calculation (264.5 ± 228.8 and 140.4 ± 154.8 mg C
m−2 d−1, respectively; Figures 9A–C). Maximum daily rates
of carbon fixation ranged from 8.1 (winter, neap tides, GE)
to 505.0 (summer, spring tides, TO) mg C m−2 d−1 for the
phytoplankton, and from 25.6 (winter, spring tides, GE) to
909.0 (summer, spring tides, TO) mg C m−2 d−1, for the
microphytobenthos.

The marked seasonal and fortnight variability of the biomass
and the photosynthetic performance was reflected on a significant
variation in daily rates of areal production between seasons
and spring-neap tide conditions (Figures 8, 9), of both
phytoplankton (F3,309 = 75.26; P < 0.001 and F1,309 = 11.19;
P < 0.001, comparing between seasons and spring-neap tides,
respectively) and microphytobenthos (F3,309 = 75.26; P < 0.001
and F1,309 = 11.19; P < 0.001; comparing between seasons
and spring-neap tides, respectively). In both cases, maximum
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FIGURE 8 | Hourly rates of biomass-specific primary production of phytoplankton (PP) and microphytobenthos (MPB) along two days in July 2013, on tides (A,C,E)

and spring tides (B,D,F), at the three sampling sites, Torreira (TO; A,B), Gafanha da Encarnação (GE; C,D) and Vista Alegre (VA; E,F). Areas in the background

represent corresponding solar irradiance. Blue areas represent high tide; vertical bars demonstrate the beginning and end of the high tide.

values were attained in spring and summer, and during spring
tides, and minimum values occurred on winter, during neap
tides. Significant differences were also present regarding the
spatial distribution. For the phytoplankton, large variations were
found (F2,309 = 7.66; P < 0.001), showing maximum daily
production for site TO and lower but comparable rates for sites
GE an VA. For the microphytobenthos, significant variations
between sampling sites were also observed (F2,309 = 12.31;
P < 0.001), but maximum values were observed for site TO and
minimum for site VA.

Upscaling to Ecosystem-Level
Productivity
The data used to upscale the areal primary production rates
to ecosystem-level values are summarized in Table 2. Per

unit area, microphytobenthos productivity was the highest,
with exception of the site VA, for which the values of
the two groups were similar. Phytoplankton rates averaged
49.9 g C m−2 yr−1, ranging from 44.7 to 51.8 g C
m−2 yr−1, for sites VA and GE, respectively. Microphytobenthos
productivity rates averaged 105.2 g C m−2 yr−1, ranging
between 43.4 to 164.4 g C m−2 yr−1, for sites VA and
TO, respectively. This tendency was reinforced when upscaling
to the whole estuary, despite the larger area accounted for
the phytoplankton, and the primary production carried out
by the microphytobenthos and by the phytoplankton were
found to attain, respectively, 7534.0 and 4894.3 and t C yr−1,
representing 60.6 and 39.4% of the global primary production
of the two communities in the Ria de Aveiro, that reached
12428.3 t C yr−1.
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FIGURE 9 | Seasonal variation of daily rates of primary production of

phytoplankton (PP) and microphytobenthos (MPB) during spring (S) and neap

(N) tides in sampling sites Torreira (A), Gafanha da Encarnação (B), and Vista

Alegre (C).

DISCUSSION

Abiotic Factors
The sampling program carried out in this study allowed to
cover a large variability in hourly, fortnight and seasonal time
scales in all physical parameters measured for the three studied
sampling sites. Seasonal variability was pronounced for both the
water column and the intertidal sediments, namely regarding
temperature, salinity and turbidity. In both habitats, a strong
fortnight variability was superimposed on the seasonal cycle. In
the intertidal habitat, stronger and faster changes were observed
during tidal ebb and flood, associated to sudden changes between
immersion and exposure to sunlight and wind. In the case of

TABLE 2 | Summary of the data used for the upscaling of local areal primary

production rates (g C m−2 yr−1) to ecosystem-level carbon fixation budget

(t C yr−1).

Area Areal production Total production

Site km2 g C m−2 yr−1 t C yr−1

Phytoplankton TO 33.3 50.31 1676.9

GE 33.3 51.76 1725.3

VA 33.3 44.76 1492.1

Total 100.0 4894.3

(39.4%)

Microphytobenthos TO 34.0 164.40 5589.6

GE 16.0 107.97 1727.6

VA 5.0 43.36 216.78

Total 55.0 7534.0

(60.6%)

Total 12428.3

Percentages refer to the proportion of primary production of phytoplankton or

microphytobenthos relatively to the total.

the intertidal communities, it is known that the experienced
environmental variability is likely characterized by a wider range
of conditions than those registered only during the low tide
periods, mainly due to the contrast between the conditions during
submersion under high tide (not monitored in this study) and air
and light exposure during low tide (de Jonge and Van Beusekom,
1995; Koh et al., 2007; Pratt et al., 2014). These patterns of
temporal variability were essentially the same in all sampling
sites, despite the different time delay of the tidal propagation
within the estuary. The observed patterns of spatial and temporal
environmental variability are typical of tidal estuaries, strongly
dominated by the tidal rhythm (Serôdio and Catarino, 1999; Brito
et al., 2009; Kwon et al., 2012). In the sampling sites of the Ria de
Aveiro, low tide tends to occur at mid-day during spring tides,
and early in the morning and in late afternoon during neap tides.
This causes a strong fortnight pattern of variability in physical
conditions, particularly in the intertidal areas (Serôdio et al.,
2008). The solar irradiance received varied between maximum
values during spring tides to minimum values during neap tides,
when direct exposure to light was restricted to two short periods,
one during early morning and one during late afternoon. The
strong periodicity of physical parameters propagated into a large
variability in phytoplankton and microphytobenthos biomass
and photosynthetic activity, ultimately determining their spatial-
temporal patterns of productivity.

Biomass
The synoptic sampling of the water column and intertidal
sediments with a high temporal resolution allowed a detailed
comparison of the spatio-temporal variability of phytoplankton
and microphytobenthos regarding biomass, photophysiology,
photosynthetic performance, and productivity. In what
regards biomass, the direct comparison of absolute values for
microphytobenthos and phytoplankton is usually compromised
by well-known difficulties, related to the determination of
biomass values using directly comparable units. Ecologically
relevant estimates, expressed as unit area (e.g., mg Chl am−2) are
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very dependent on the criteria used for the vertical integration of
volumetric measurements (Flemming, 2000; Serôdio et al., 2001;
Laviale et al., 2015). While these difficulties were not completely
resolver in this study, the concurrent sampling of planktonic
and benthic biomass allowed comparing the overall patterns of
spatial and temporal variability.

The spatio-temporal variation of phytoplankton and
microphytobenthos biomass coincided in several aspects, namely
a large variation over seasons, spring-neap tidal cycles, and
a large variation over sampling sites, with TO showing the
highest values. This overall tendency for the two communities
to co-vary spatio-temporally, especially regarding the seasonal
time scale, is likely tied to their common control by major
abiotic factors, like irradiance and temperature, which varied
markedly over seasons (de Jonge et al., 2012; Liu et al., 2018;
Haro et al., 2019). Both phytoplankton and microphytobenthos
biomass varied seasonally, but maximum values were observed
later for the microphytobenthos (summer–autumn) than for
the phytoplankton (spring, summer). The earlier peaking of
phytoplankton biomass may be due to the more pronounced
seasonal variation in favorable conditions for growth in the water
column than in the sediment. The high nutrient availability in
the water column commonly observed at the end of winter in
estuaries and coastal areas (Vidal et al., 2017; Vajravelu et al.,
2018), together with the start of favorable light and temperature
conditions in spring, may have caused the phytoplankton to
respond more promptly in terms of growth and accumulation of
biomass. The sharp decrease observed in autumn, also typically
observed for estuaries (Pennock and Sharp, 1986; Tian et al.,
2009; Vidal et al., 2017), is likely associated to nutrient depletion
caused by intense uptake during spring and summer. On the
other hand, seasonal changes in growth conditions for the
microphytobenthos might not be as relevant as for the water
column, especially regarding nutrient availability, commonly
considered not limiting in this habitat all year round (Davis
and McIntire, 1983; Brotas et al., 1995). This, together with
the continuation of favorable light and temperature conditions
until autumn months, may explain the prolonging of high
biomass levels into later in the year. The seasonal variation of
microphytobenthos biomass, namely the lower values observed
in Spring may thus be related to other factors, namely the
increase in feeding activity by grazers (Vieira et al., 2012).

The occurrence of a significant fortnight variability in
phytoplankton biomass, with maxima during spring tides,
may be associated to the fact that during these periods
the shallower water column of low tide coincides with the
maximum solar irradiance, allowing a more efficient illumination
of the phytoplankton populations (Pennock and Sharp, 1986;
Mallin and Pearl, 1992; Madariaga, 2002). Also, the higher
water currents during spring tides are associated to increased
resuspension rates of sediment and benthic cells, which may have
contributed to the higher chlorophyll a content and nutrients
in the water column (Delgado et al., 1991; de Jonge and Van
Beusekom, 1995; Ubertini et al., 2012; Pratt et al., 2014). For
microphytobenthos, a tendency for higher biomass values during
spring tides was also observed, that can be associated to the fact
that the periods of low tide and light exposure occurring during

themiddle of the day favor daily photosynthetic rates and growth.
However, the observed variation in the accumulation of biomass
was not statistically significant, either because the fortnight
variability in growth conditions was not sufficiently marked, or
because of the confounding effects of varying favorable weather
conditions during the periods before each sampling days.

Spatially, the coincidence of higher amounts of both
planktonic and benthic biomass at the GE sampling site may
be related to higher rates of resuspension-deposition associated
to stronger tidal currents, that would cause a larger transfer
of microalgal biomass from the benthos to the water column
(Delgado et al., 1991; de Jonge and Van Beusekom, 1995; Brito
et al., 2009). The reasons for the higher abundance of benthic
biomass at this site are uncertain, but maybe related to higher
nutrient availability, caused by the combination of finer sediment
granulometry, favoring organic matter remineralization, and
of possible agricultural run-off, originated in the farm fields
bordering the canal of the estuary where the sampling site
is located (Sousa et al., 2017; Bueno-Pardo et al., 2018;
Vaz et al., 2019).

Photophysiology and Photoacclimation
State
The photophysiological parameters 1F/Fm’ and σII were, on
short times scales, mostly controlled by changes in incident
irradiance, showing large and rapid (minutes to hours) variations
during daytime periods, as observed in other studies (Serôdio
et al., 2008; Houliez et al., 2013; Schreiber and Klughammer,
2013). However, both 1F/Fm’ and σII, of phytoplankton and
microphytobenthos, showed also consistent patterns of variation
on longer time scales, denoting changes in the photophysiological
and photoacclimation state. 1F/Fm’ largely followed the trends
observed for the biomass of in the two groups, regarding
seasonality (peaking in summer and in autumn, respectively),
and the variation along the spring-neap tidal cycle (higher
during spring tides in the case of the phytoplankton; not varying
significantly in the case of the microphytobenthos) and spatial
distribution (higher values at site TO, both communities). The
similarity between the spatio-temporal variation of 1F/Fm’ and
biomass suggests that the accumulation of biomass may be
directly related with conditions enabling a better photosynthetic
performance. The higher 1F/Fm’ values for the phytoplankton
observed during spring tides may be associated to the increased
availability of nutrients caused by the higher resuspension
rates typical of the faster tidal currents occurring during
spring tides, but also more favorable conditions in terms of
temperature or photoperiod. The lack of significant variations
in 1F/Fm’ in microphytobenthos samples may result from the
fact that, in the sedimentary environment, photosynthesis is more
limited by light conditions than nutrient availability, which may
support a good photophysiological condition along the spring-
neap tidal cycle.

Regarding σII, there was a general tendency to follow the
patterns of spatial and temporal variation of 1F/Fm’ and
biomass, namely concerning seasonal and fortnight time scales
for phytoplankton. In other cases, 1F/Fm’ and σII diverged from
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each other, indicating the independent short-term regulation
of the processes controlling the two parameters. A marked
difference between the photophysiology of the phytoplankton
and the microphytobenthos was revealed by the consistently
higher values of σII measured for the phytoplankton. Higher
values of σII are indicative of larger PSII antenna sizes, capable
of higher light absorption efficiency, beneficial in low light
environments and typical of low-light acclimated organisms
(Ragni et al., 2008; Schreiber et al., 2012; Ware et al., 2015).
Such high σII values may be advantageous for the planktonic
microalgae inhibiting the highly turbid waters of the Ria de
Aveiro estuary, where the experienced light regime calls for the
optimization of light absorption. The lower σII values measured
in the microphytobenthos samples are, on the other hand,
symptomatic of a smaller PSII antenna, consistent with a high
light environment, as the one at the sediment surface when
directly exposed to sunlight during low tide. Smaller antennae
sizes are also consistent with high light-acclimation, as allow a
reduction in potential photodamage of PSII and photoinhibition
of photosynthesis (Gordillo et al., 2001).

The results on photoacclimation state obtained from RLCs
repeat, in general terms, the overall patterns of spatio-
temporal variability in biomass, 1F/Fm’ and, to a lesser
extent, σII: α and rETRm reaching maximum values during
summer (phytoplankton) and autumn (microphytobenthos),
during spring tides (both communities), and at sampling site
TO (phytoplankton). The marked seasonal photoacclimation
in photophysiological parameters 1F/Fm’ and σII described
above was confirmed by comparable large changes in the
photoacclimation parameter Ek, for both phytoplankton and
microphytobenthos. The highest Ek values observed during
summer and the lowest values observed during winter denote
a variation from a high light-acclimation state to a low light-
acclimation following the change in light conditions between
the two contrasting seasons. Although not as clear as for σII,
the differences observed between Ek measured in phytoplankton
and in microphytobenthos samples, showing a tendency for
higher values in the later, supports that the benthic communities
appear as high-light acclimated, when compared to their
planktonic counterparts.

The photoacclimation state of microphytobenthos appeared
to vary fortnightly, as higher values of 1F/Fm’ α and rETRm

were measured during spring tides when compared to neap
tides. This is most likely a consequence of the higher light
dose received during spring tides rather than an effect of tidal
height (Haro et al., 2019). The high light acclimation state
of estuarine intertidal microphytobenthos has been referred
before, supported by relatively high values of Ek (Serôdio et al.,
2005; Frankenbach et al., 2018). It has been explained by the
exposure to high solar irradiance levels during low tide periods,
and, especially in the case of assemblages dominated by motile
diatoms (epipelic), by the use of vertical migration as a form of
control of light exposure within the photic zone of the sediment
(Serôdio et al., 2001; Consalvey et al., 2004; Ezequiel et al., 2015;
Haro et al., 2019). Curiously, microphytobenthos samples did
not show a significant variation in the photoacclimation state
between sites, as opposed to what was previously reported for

the sites VA and GE (Frankenbach et al., 2018). This discrepancy
may be explained by the fact that the mention study analyzed
samples collected during a short period of three consecutive
days (thus not covering different stages along the spring-neap
tidal cycle), and that the photophysiological measurements were
carried out in the laboratory, remove from the high variability
in situ environment.

Biomass-Specific, Areal and
Ecosystem-Level Productivity
In this study, the daily biomass-specific rates of productivity, PB,
were derived from the photophysiological parameters related to
light usage efficiency (1F/Fm’ and σII) integrated over daylight
hours. As such, the patterns of spatio-temporal variation of PB

largely followed the ones observed for those parameters. Probably
due to the larger values of σII measured in the water column,
the production rates of the phytoplankton resulted substantially
higher than those of the microphytobenthos, for all sampling
occasions and sites. The incorporation of photosynthetic biomass
and the vertical light attenuation in the water and the sediment
in the calculation of daily areal productivity rates did not alter
the overall patterns of spatio-temporal distribution. However,
it resulted in the inversion of the relative importance of
phytoplankton and microphytobenthos. As expressed by units
of area, benthic carbon fixation rates were on average 1.9 times
higher than those in the water column. Despite the fact that
the productivity rates determined in this study were based on
chlorophyll fluorescence measurements, they fitted well within
the range published values, based on the direct quantification
of carbon fixation or oxygen evolution, for both estuarine
phytoplankton and microphytobenthos (Table 3).

Regarding phytoplankton, the average annual rate of 49.8 g C
m−2 y−1 appears as relatively low considering the median value
of 252 g C m−2 y−1 reported by the exhaustive meta-analysis
study of Cloern et al. (2014). According to the classification of
Nixon (1995), the studied sites of the Ria de Aveiro could be
classified as oligotrophic, as they fall below the limit of 100 g C
m−2 y−1. On the other hand, the average annual rate of 105.3 g C
m−2 y−1 determined for the microphytobenthos, is remarkably
close to the value of 100 g C m−2 y−1, taken as the typical
value for primary production rate on estuarine intertidal flats
(Underwood and Kromkamp, 1999; Daggers et al., 2018).

The relative contribution of the phytoplankton and the
microphytobenthos to the ecosystem-level productivity has been
discussed for decades (Underwood and Kromkamp, 1999).
Studies that directly compared the two communities have
reported that the productivity of microphytobenthos could
surpass the one of phytoplankton, reaching between 48.9%
(Fielding et al., 1988) to 63.5% (Joint, 1978) of their combined
contributions, and, in some cases, reaching over 50% of total
estuarine carbon fixation (Cadée and Hegeman, 1974; Joint,
1978). The results of the present study showed that, despite
the larger area accounted for the phytoplankton, the primary
production carried out by the microphytobenthos may reach
around 60% of the 12 kt C yr−1 annual rate estimated for
the whole Ria de Aveiro. This estimate is amongst the highest
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TABLE 3 | Daily and annual primary productivity rates of phytoplankton and

microphytobenthos in published studies and as measured in this study (average

and range of variation).

Areal production References

Phytoplankton Daily

(mg C m−2 d−1)

134.1

(8.1–505.0)

This study

0.23–1.18 Morelle et al., 2018a

0.69 Cloern et al., 2014

2–778 Gameiro et al., 2011

1.2–4.8 Kromkamp et al.,

2008

Annual

(g C m−2 yr−1)

49.9

(44.7–51.8)

This study

252 Cloern et al., 2014

140–700 Underwood and

Kromkamp, 1999

77–92 Gameiro et al., 2011

64.8 Morelle et al., 2018

Microphytobenthos Daily

(mg C m−2 d−1)

259.8

(25.6–909.0)

This study

1–2888b MacIntyre et al., 1996

50–200 Daggers et al., 2018

5–1900 Underwood and

Kromkamp, 1999

427 Serôdio and Catarino,

2000

Annual

(g C m−2 yr−1)

105.2

(43.4–164.4)

This study

142 Savelli et al., 2018

47–178 Brotas et al., 1995

156 Serôdio and Catarino,

2000

60–300 Underwood and

Kromkamp, 1999

Average values unless stated otherwise. aMaximum daily values. bRange of

compiled values.

reported in the literature, and close to the value of 63.5%
obtained by Joint (1978).

Assumptions and Limitations of
Chlorophyll Fluorescence-Based
Productivity Estimates
With the aim of obtaining an integrated characterization of the
spatio-temporal variability of the photosynthetic activity and
productivity of benthic and planktonic microalgal communities,
this study employed a synoptic sampling plan to measure the
activity of phytoplankton and microphytobenthos under in situ
conditions, on the same sites and on the same days, and with
the same high temporal resolution. Key for the parallel close
comparison of the two communities was the use of the same
chlorophyll fluorescence-based technique for planktonic and
benthic samples.

A novelty of this study was the estimation, to our knowledge
for the first time, of production rates of microphytobenthos based
on measurements of absolute rates of PSII electron transport
(ETR). Previous studies have used chlorophyll fluorescence

to estimate productivity rates of microphytobenthos, but they
were based on determinations of relative ETR, integrated
on empirically derived indices (Barranguet and Kromkamp,
2000; Serôdio et al., 2007). For the phytoplankton, the use of
absolute ETR-based indices for the estimation of productivity
rates has been addressed extensively for a long time, mostly
based on ‘pump-and-probe’ (e.g., Kolber and Falkowski, 1993;
Sakshaug et al., 1997) or ‘fast repetition rate fluorometry’
(FRRF) (Kromkamp et al., 2008; Lawrenz et al., 2013; Boatman
et al., 2019) protocols. The protocol used in the present
study, developed only recently, and specifically for the MC-
PAM, and has been used only a few times, and only for
phytoplankton (Morelle and Claquin, 2018; Morelle et al.,
2018). While being also based on single-turnover pulses, this
protocol is somewhat different from the pump-and-probe or
FRRF approaches (Schreiber et al., 2012). Although no direct
comparison between the two types of instruments and protocols
has been carried out, the results of the present study regarding σII,
a parameter crucial for the determination of absolute ETR values,
are comparable and well within the range of values obtained with
FRRF-based instruments.

This study is also novel because absolute ETR-based
productivity estimates were applied to both phytoplankton and
microphytobenthos. This approach presents several well-known
significant operational advantages as compared to traditional
methods based on the direct determination based on carbon
fixation or oxygen evolution. In the context of the present study,
it allowed for direct comparison of the two groups regarding
the characterization of photoacclimation state, quantification of
photosynthetic activity, and estimation of primary productivity.

The approach followed in this study is however based
on several important assumptions. These apply to both
phytoplankton and microphytobenthos, and can be categorized
as follows:

(a) Conversion of fluorescence indices to biomass-specific
carbon fixation rates. The method associated to the MC-PAM
requires the a priori assumption of the value of PSU, ne(O2)
and PQ (Eqs. 4,5) (Schreiber et al., 2012). A compilation of
experimental data compiled by Suggett et al. (2010) shows that
ne(O2), the number of electrons required for evolution of 1
molecule of O2, varies from below 1 to above 11 e− O2

−1.
However, the values measured for diatoms, dinoflagellates and
haptophytes, the dominant groups in the phytoplankton and
microphytobenthos of the Ria de Aveiro (Vidal et al., 2017;
Frankenbach et al., 2018) vary between 3 and 6 e− O2

−1. In
this study, ne(O2) was assumed to reach 5 e− O2

−1, a value
similar to those used by other authors (Kromkamp et al., 2008;
Schreiber et al., 2012; Morelle and Claquin, 2018; Morelle et al.,
2018). The photosynthetic quotient, PQ, was assumed be 1.1 mol
C mol O2

−1, a value commonly accepted, including in studies
on estuarine phytoplankton (Kromkamp et al., 2008). PSU, the
number of chlorophyll a molecules per photosynthetic unit is
the most variable parameters required to calculate PB from
fluorescence measurements, having a larger direct impact on the
final carbon fixation rates. For eukaryotes, the values assumed
for PSU have varied from 500 (Schreiber et al., 2011; Lawrenz
et al., 2013) and 1000 Chl a PSII−1 (Schreiber et al., 2012;
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Morelle and Claquin, 2018; Morelle et al., 2018). For diatoms,
dinoflagellates and haptophytes, PSU varies between ca. 300 and
700, averaging around 620 Chl a PSII−1 (Suggett et al., 2010). In
the present study, PSU was assumed to be 600 Chl a PSII−1, a
value considered representative of themain groups that dominate
the phytoplankton and the microphytobenthos in the Ria de
Aveiro. In the absence of more detailed data, the same value was
assumed for both groups although it is conceivable that it may
differ between phytoplankton and the microphytobenthos, not
only due to different taxonomic composition as to differences in
photoacclimation state. All things considered, it seems unlikely
that a depart from these assumptions would significantly affect
the main conclusions of this study. Even considering the
widest range of variation of ne(O2), PQ and PSU, the large
difference between the areal and ecosystem-based productivity of
phytoplankton and microphytobenthos would likely still hold.

(b) Depth-integration of biomass-specific carbon fixation
rates to areal productivity. An implicit assumption of the
approach used in this study was to consider, for both the
phytoplankton and the microphytobenthos, that the biomass
and photosynthetic activity was constant over depth. That is,
that the responses measured for samples collected at a single
depth (water column) or at the surface (sediment) represent
the ones in the remaining regions of the photic zones. For
the phytoplankton this assumption seems realistic, due to the
homogeneity of the shallow and turbulent water column, caused
by the strong tidal currents of the Ria de Aveiro. In the
case of the microphytobenthos, this approach may be more
problematic, especially due to the fact that the measurements
were carried out on cells in suspension, under conditions possibly
not representative of the vertically heterogenous physico-
chemical environment of the sediment (MacIntyre et al., 1996;
Serôdio, 2003).

(c) Upscaling of areal to ecosystem-level productivity.
Critical for a realistic evaluation of the planktonic and
benthic productivity at the estuary-level, both in absolute as
in relative terms, is the correct accounting of the area of
intertidal and subtidal habitats, associated to phytoplankton and
microphytobenthos productivity. Also important is to consider
the time of day, and its variation along the spring-neap tidal
cycle, when low or high tides occur, which determine the
light incident on exposed tidal flats and light penetration in
the water column. In this study, due to the lack of detailed
information, estuarine-level production was calculated from
spatially and temporal-averaged productivity rates. Another
potentially important source of error affecting the absolute
estimates of annual productivity of the two groups (but not
their relative importance) is the fact that the annual estimates
were directly conditioned by the particular conditions (mainly

solar irradiance) of the days of measurements. As such, the
annual budgets here reported should be seen as tentative
estimates. The error associated to this approach is hard to
quantify and can only be assessed with a much more extensive
sampling program. An additional assumption was to consider
that no benthic productivity occurred during immersion in
high tide. However, this common assumption seems justified by
the high turbidity of the water column and vertical migratory
behavior of benthic diatoms (Serôdio and Catarino, 2000;
Daggers et al., 2018).
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