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INTRODUCTION

Over the last few decades there has been increased
interest regarding the benthic microalgae that inhabit
shallow coastal areas and their functional importance
in the benthic communities. In addition to providing a
substantial source of benthic primary production (for
review see Underwood & Kromkamp 1999), microphy-
tobenthic oxygen production has been shown to influ-
ence the chemical and physical properties of coastal
sediments, altering the flux of nutrients across the sed-
iment-water interface (Reay et al. 1995, Thornton et al.
1999 and references therein), the chemical gradients

within the sediment (Revsbech et al. 1988, Lorenzen
et al. 1998), and sediment denitrification (Risgaard-
Petersen et al. 1994, Rysgaard et al. 1995). Further-
more, microphytobenthos affects sediment stability
through exopolymer production, a secondary product of
photosynthesis (carbohydrate) (Paterson 1989, Suther-
land et al. 1998 and references therein).

Despite the recognition of the importance of these
primary producers, their contribution to the budgets of
the productivity of shallow, coastal sediments has
proved to be difficult to assess. While general methods
for estimating phytoplankton productivity are well
established, making comparisons between different
geographical areas possible, this is not yet the case for
the microphytobenthos. One obvious reason for this is
the complex, highly stratified environments that these
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phototrophs inhabit and the migratory behaviour of the
communities themselves, particularly evident in inter-
tidal habitats (Happey-Wood & Jones 1988, Pinckney
et al. 1994, Serôdio et al. 1997). As a result, to obtain
realistic estimations of microphytobenthic productivity
it is necessary to carry out measurements in intact sed-
iment. To date, however, our quantitative knowledge
of microphytobenthic productivity and the factors con-
trolling it are based on a series of highly varying tech-
niques, including both sediment slurries and intact
sediment cores, in situ and laboratory measurements,
as well as varying depths of sediment samples (see
tables in Colijn & de Jonge 1984, MacIntyre et al.
1996).

One factor that has been suggested to locally influ-
ence the spatial abundance and primary productivity
of microphytobenthos, e.g. within an estuary, is the
sediment type (Underwood & Kromkamp 1999 and ref-
erences therein). Sediment type, which is a result of
physical processes, determines the fraction of the algal
community that is motile and hence able to migrate
vertically. While motile ‘epipelic’ diatoms dominate in
the finer, muddier sediments, typical of tidal mudflats,
non-migrating, ‘epipsammic’ microalgae (mainly dia-
toms and cyanobacteria attached to the sand grains)
often dominate in sandier sediments. On a larger geo-
graphical scale, a major factor that could be assumed
to influence the behaviour of the microphytobenthos is
the tidal amplitude. On intertidal mudflats, the algal
communities are subjected to regularly alternating
periods of air exposure and turbid submersion periods,
while in subtidal and microtidal or non-tidal condi-
tions, the water column is often clear, enabling photo-
synthesis throughout the daylight period. Measure-
ments of microphytobenthic production in intact
sediments have been carried out in both subtidal and
intertidal habitats, but studies have incorporated a
wide range of methods. These have included oxygen
exchange (e.g. Shaffer & Onuf 1985, Brotas & Catarino
1995), 14C uptake (Sundbäck et al. 1996, Hartig et
al. 1998), oxygen microelectrodes (Revsbech & Jørgen-
sen 1983, Pinckney & Zingmark 1991, 1993) and,
more recently, pulse-amplitude-modulated fluorome-
try (PAM) (Hartig et al. 1998, Kromkamp et al. 1998,
Serôdio 1999). Consequently, comparisons on a larger
geographical scale, e.g. between different climate and
tidal areas, have been impossible as the methods mea-
sure different aspects of primary production.

To our knowledge no one study has set out to directly
evaluate in situ productivity in coastal areas from
different tidal regimes using a single method. The
objective of this work was to assess, using an in situ
14C-technique, the daily pattern of productivity and
microphytobenthic biomass and total daily production
from different tidal regimes at differing geographical

locations. Replication on a daily basis was included at
each site, as this important level of temporal replica-
tion (Morrisey et al. 1994) is often overlooked. Sites
studied were (1) a shallow subtidal site with negligible
tidal fluctuations, (2) a shallow subtidal site in a micro-
tidal area exposed to distinct fluctuations of e.g. sal-
inity and nutrients in the overlying water, and (3) an
intertidal site in a macrotidal estuary.

MATERIALS AND METHODS

Study sites. Diel variation in benthic microalgal pro-
ductivity was measured at 3 sites from different tidal
regimes by 14C uptake in intact sediment cores. One
intertidal site (Sarilhos Pequenos, Tagus Estuary, Por-
tugal: 38° 41’ N, 8° 59’ W) and 2 shallow subtidal sites
(Giralda, Sacca di Goro, Italy: 44° 50’ N, 12° 16’ E, and
Vallda, Kattegat, Sweden: 57° 29’ N, 10° 56’ E) were
studied. One of the subtidal sites, Giralda, was strongly
influenced by the tidal cycle. The sites represented
different sediment environments with a widespread
geographical location within the temperate zone. Site
characteristics and sampling regimes are shown in
Table 1.

Giralda is located in the western corner of the Sacca
di Goro lagoon in the Adriatic Sea, close to the fresh-
water inlet of the Po di Volano canal. The incoming
tide (tidal range 0.3 to 0.9 m) dilutes nutrients in the
river water, resulting in large salinity and nutrient vari-
ations in the water column (Bartoli et al. 1996). Vallda
is a shallow brackish-water bay on the west coast of
Sweden, at the transition of the Kattegat and Skager-
rak, an area where the tidal amplitude is only 0.1 to
0.2 m (Sundbäck et al. 2000). The Tagus Estuary is a
large, shallow macrotidal estuary with a tidal ampli-
tude that ranges from <1 to 4 m during a spring-neap
cycle (Brotas et al. 1995). The general nutrient status
of the 3 areas is different, and can be indicated by
the annual maximum concentrations of nitrate in the
overlying water: Sacca di Goro is affected by fresh-
water runoff, with maximum NO3 concentrations of
ca 150 µM, Vallda is a low-nitrogen area with peak
values of NO3 < 10 µM, while NO3 in the Tagus estuary
reaches values of ca 200 µM (Dalsgaard 1998).

Sampling design. Measurements were made in
April/May at Giralda, in June at Sarilhos Pequenos,
and in August at Vallda, when daylength and irradi-
ance levels could be considered approximately equiv-
alent between sites. Primary productivity (P) was mea-
sured in situ at evenly spaced intervals throughout
periods that the sediment surface was light-exposed
(i.e. throughout the daytime period for the subtidal
sites and throughout the daytime emersion period for
the intertidal site). At each site, measurements were
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repeated on 3 separate days. Sampling regimes, num-
ber of cores, length and timing of the incubations are
shown in Table 1.

Primary productivity. At each sampling period, 6 or
7 sediment cores (including 2 dark cores which were
used to correct for dark 14C-uptake) were taken with
‘Jönsson tubes’ (i.d. 44 mm), enabling percolation of
the radiolabel into undisrupted sediment (for more
specifications see Jönsson 1991). For the subtidal sites
(sandy sediment), the sediment cores were collected
and moved to the shore for the 14C addition. 150 µl of
14C bicarbonate (= 3 µCi) were added to the water
space (ca 40 ml). The water was carefully mixed and
the labelled water was then percolated through the top
5 mm of the sediment (estimated to include the photo-
synthetically active zone). The cores were completely
sealed with clear Perspex lids and then placed back in
the sampled area so that they received in situ irradi-
ance. Cores were incubated for ca 1 h. At the end of
the incubation, a 2 ml cut-off syringe was used to core
the surface 5 mm of sediment. Carbon incorporation
was stopped by adding 5 drops of 0.1 M HCl, which
removed the unincorporated inorganic carbon. Sam-
ples were then dried at ca 40°C, and stored prior to the
addition of 10 ml scintillation fluid (Hionic Fluor™,
Packard). Samples were analysed on a Beckman LS
3801 scintillation counter including quenching correc-
tion. Total CO2 concentration and carbon assimilation
were calculated according to Ærtebjerg Nielsen &
Bresta (1984).

For the intertidal site, it was necessary to modify the
method as (1) it was impossible to percolate the label
through the cohesive sediment, (2) for intertidal areas
it is unrealistic for the sediments to stand with a sub-
stantial amount of overlying water during the emersion
period, and (3) excessive movement of the sediment

cores resulted in rapid movement of motile cells from
the sediment surface (and euphotic zone). Cores were
therefore pushed into the sediment and labelled in situ
by dropping 2 ml of labelled (3 µCi) water onto the sed-
iment surface. Earlier observation indicated that this
did not disturb the sediment surface as there was no
obvious migration of the microphytobenthos from the
surface caused by such addition. The accumulation
of the microalgal cells at the sediment-air interface
during the emersion period (photosynthetically active
layer <250 µm, N. Risgaard-Petersen pers. comm.)
indicated that diffusion of the label alone was suffi-
cient to introduce the label into the photosynthetically
active layer. Earlier estimation of the evaporation rate
from the sediment surface (1 mm h–1, N. Risgaard-
Petersen pers. comm.) indicated that loss of label to the
air was negligible. Following the incubation period,
samples were treated as described for the subtidal
samples.

For biomass-specific productivity, rates were nor-
malised to the mean chlorophyll a (chl a) concentration
(see below) for each period, as biomass estimates and
production rates were measured on different cores.
Daily production was calculated by summing the
hourly rates measured over the light-exposed periods.
Where the hourly rate was not measured, a mean of
the 2 adjacent measurements was taken.

Chlorophyll a (biomass estimation). At each time
period, 5 sediment cores, collected from the same area
as the productivity cores, were sampled with a cut-off
20 ml syringe and then sub-sectioned to obtain the top
3 mm of the sediment. This sediment was frozen and
then freeze-dried. Chl a in the samples was analysed
on a Shimadzu UV-visible recording spectrophotome-
ter after a 24 h extraction of pigments with 90% ace-
tone (Lorenzen 1967).
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Site Substratum, Sampling NH4 in overlying NO3 in overlying Labelling No. of 14C No. of cores
(latitude/ tidal regime, dates water water method incubations (light/dark)
longitude) water depth (m) (1998) (µmol–1) (µmol l–1) d–1 for each

incubation

Giralda Sand, 29 Apr 34.27 24.30 Percolation 6 4/2
Sacca di Gorro Subtidal, 02 May ±2.17 ±1.69
Italy 0.3–0.9 05 May (n = 11) (n = 11)
(44° 50’ N, 12° 16’ E)

Vallda Sand, 19 Aug 0.36 0.6 Percolation 7 5/2
Kattegat Subtidal, 24 Aug ±0.25 ±0.45
Sweden 0.1–0.3 26 Aug (n = 3) (n = 3)
(57° 29’ N, 10° 56’ E)

Sarilhos Pequenos Mud, 17 Jun 30.82 34.79 Diffusion 4–5 5/2
Tagus Estuary Intertidal 23 Jun ±10.37 ±1.84
Portugal 25 Jun (n = 3) (n = 3)
(38° 41’ N, 8° 59’ W)

Table 1. Sites, sampling periods and incubation details for microphytobenthic productivity measurements. Nutrient concentra-
tions are means ±SE
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Species composition. Sediment samples (5 mm
deep) were taken with a syringe corer (i.d. 8.7 mm). To
obtain a rough indication of the species composition at
the different sites, counts of the first 100 living cells
encountered were made using an epifluorescence
microscope.

Overlying water. Samples of overlying water for
nutrient analysis were taken in situ with 50 ml dispos-
able syringes and filtered into 5 ml disposable plastic
vials through cellulose acetate syringe filters (Sarto-
rius, pore size 0.45 µm). Inorganic nitrogen (NO3 +
NO2, NH4) were analysed on a TRAACS 800 auto-
analyser (Braun & Lubbe) using standard colorimetric
methods (Grasshoff et al. 1983).

Physical parameters. Photosynthetically available
radiation (PAR) was measured with a quantum sensor
LI 190SA connected to a LiCor Data Logger LI-1000 for
the Giralda and Sarilhos Pequenos sites. Data were
integrated every 15 min. At Vallda, PAR was measured

with a scalar irradiance sensor (Biospherical Instru-
ments) at approx. 5 min intervals during the sampling
period. As an underwater light sensor was not avail-
able, irradiance measurements made were of incident
irradiance in the air. At Vallda it was possible to use a
light attenuation coefficient to estimate PAR at the sed-
iment surface. At Giralda, however, this type of correc-
tion proved impossible due to the varying turbidity in
the water column during the diel period. Temperature,
salinity (Acto refractometer) and pH (Metrohm 704
portable pH meter) were recorded throughout the
experimental periods. For the subtidal sites, the depth
of the water column was measured at each incubation
period. Grain-size distribution of the sediment was
analysed by dry-sieving.

Data analyses. Differences between time periods
were tested using 1-way ANOVA, followed by Stu-
dent-Newman-Keuls (SNK) pairwise comparisons,
with time as the factor. Homogeneity of variances was
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Fig. 1. Mean microphytobenthic biomass estimated as chlorophyll a at (a) Giralda (29 April, 2 and 5 May), (b) Vallda (19, 24 and
26 August), and (c) Sarilhos Pequenos (17, 23, and 25 June): days are shown in chronological order from top to bottom. Bars: ±SE
for each incubation period (n = 5); values: means ±SE for each incubation day (n = 25 to 35). Right-hand ordinate: irradiance (●)
in air for Giralda (a) and at sediment surface for Vallda (b) and Sarilhos Pequenos (c). Here, and in subsequent figures, hatched

diagonal stripes at top right of graphs indicate periods of turbidity in the water column at Giralda
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tested using Cochran’s test and the data were trans-
formed according to Underwood (1997) when vari-
ances were found to be heterogeneous. Differences
were accepted as significant at p < 0.05.

RESULTS

Diel variation within sites

Giralda, Italy: subtidal site, strong tidal influence

The turbidity of the water during each diel period
varied greatly due to the changes in freshwater input
and associated levels of suspended matter throughout
the tidal cycle. Although the irradiance measurements
shown in Figs. 1a, 2a & 3a were measured in the air,
the periods of turbid water (sediment surface not visi-
ble) are indicated. The salinity of the overlying water

ranged from 5 to 20 (Fig. 2), and the temperature of the
incubated sediment from 15 to 23°C.

Chl a varied between 8 and 58 mg chl a m–2, but no
differences were found between time blocks or days
(p > 0.05, n = 17 to 18) (Fig. 1a). Mean hourly productiv-
ity ranged from 1 to 40 mg C m–2 h–1 (n = 4), with means,
when averaged over the separate days (PD), decreasing
over the sampling period (Fig. 2a). The drop in produc-
tivity on 5 May could have resulted from the large
amount of rainfall over the previous 2 to 3 d, which in-
creased the freshwater runoff, and subsequently the
turbidity, in the area (see salinity variation in Fig. 2a).
The effect of this can be seen by summing production
over the daylight period for the 3 d, which gave similar
values for 29 April and 2 May (260 and 253 mg C m–2

d–1, respectively) but dropped by over 50% on 5 May
(115 mg C m–2 d–1). Time blocks were significantly dif-
ferent on all 3 d for both P and biomass-specific produc-
tivity (PB) (p < 0.005). Maximal rates of P were recorded
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Fig. 2. Mean primary productivity (as 14C uptake) at (a) Giralda, (b) Vallda, and (c) Sarilhos Pequenos: days (see Fig. 1 legend)
are shown in chronological order from top to bottom. Bars: ±SE for each incubation period (n = 4 to 5); values: means ±SE aver-
aged over each day (n = 20 to 35). Right-hand ordinate: irradiance (●) in air for Giralda (a) and at sediment surface for Vallda

(b) and Sarilhos Pequenos (c). Salinity of overlying water at Giralda is also shown (h)
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in the morning (up to and including the 12:00 to 13:00 h
block), when high incident irradiance tended to com-
bine with a shallow, clear water column (Fig. 2a).

Vallda, Sweden: subtidal site, little tidal influence

Unlike at the Italian site, the water column remained
clear throughout the tidal cycle. Salinity ranged from
20 to 24 and temperature of the sediment from 14 to
22°C, following air temperature.

Mean chl a concentrations ranged from 35 to 59 mg
m–2 (Fig. 1b). Only on the final day (26 August) was
there a significant difference between times within a
day (p = 0.0152). This resulted from a significantly
lower concentration measured in the second time
block (SNK, p < 0.05). Mean daily concentrations of
chl a were significantly different between days (p =
0.0003) (Fig. 1b).

On all 3 d, there was a significant difference with
time for both P (p < 0.0003) and PB (p = 0.0001) result-
ing from the lower early-morning and late-evening
rates (Figs. 2b & 3b, respectively). There were no sig-
nificant differences between days for PD and PB

D (bio-
mass-specific productivity averaged over the day).
Summing production over the daylight period for the
3 d gave 154, 172 and 164 mg C m–2 d–1 for 19, 24 and
26 August, respectively.

Sarilhos Pequenos, Portugal: intertidal site

Primary productivity was measured only when the
sediment was air-exposed, as because of the turbid wa-
ter column it was assumed that no benthic productivity
could occur during the immersion period. As the tides
moved from neaps to springs, daytime exposure peri-
ods changed, and therefore 1 block of 8.2 h, 2 blocks of
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Fig. 3. Biomass-specific primary productivity at (a) Giralda, (b) Vallda, and (c) Sarilhos Pequenos; days (see Fig. 1 legend) are
shown in chronological order from top to bottom. Bars: ±SE for each incubation period (n = 4 to 5); values: means ±SE averaged
over each day (n = 20 to 35). Right-hand ordinate: irradiance (●) in air for Giralda (a) and at sediment surface for Vallda (b) and

Sarilhos Pequenos (c). Salinity of overlying water at Giralda is also shown (h)
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6.5 and 3.5 h and 2 blocks of 7.5
and 2 h were used for measure-
ments (Figs. 1c, 2c & 3c). Sedi-
ment temperature ranged from 20
to 28°C during the measurement
periods, with salinity varying be-
tween 24 and 57 (M. Bartoli pers.
comm.) in the surface interstitial
water. Water content of the sur-
face 3 mm of sediment did not
vary significantly over the emer-
sion period (p > 0.05).

Mean chl a ranged from 11 to
94 mg m–2 (Fig. 1c). Although no
difference (p = 0.26, n = 25) was
found in the spatial variation of
chl a when investigated prior to
the study, highly significant dif-
ferences were found with time,
both within (p = 0.0001 for all
days) and between (p = 0.0017)
days (see ‘Discussion: Variation
between sites’). On 17 June, mean
chl a increased steeply in the surface 3 mm of sediment
(16 to 94 mg chl a m–2) over the tidal exposure period
(Fig. 1c); however, this pattern was not repeated dur-
ing the following measurement periods.

Daily production increased from 17 to 25 June (50, 97
and 138 mg C m–2 d–1 for 17, 23 and 25 June, (respec-
tively). PB

D also increased significantly over the 3 d
from 0.2 to 0.7 mg C mg–1 chl a h–1 (Fig. 3c). However,
no consistent pattern of P and PB across the exposure
period could be established.

Differences between sites

Table 2 shows the results considered on a site basis.
The sediments at Giralda were generally sandier than
those at Vallda, while the site at Sarilhos Pequenos was
composed of the fine cohesive sediments that are typi-
cal of intertidal mudflats. The diel pattern of primary
productivity varied between sites (Figs. 2 & 3). The
subtidal Vallda site displayed the most simplistic diel
pattern of the 3 sites studied, with microphytobenthic
productivity following the pattern of incident irradi-
ance (see Fig. 4).

A comparable range of irradiance and number of
daylight hours was observed for all the sites (Table 2).
Mean hourly productivity was greatest for the Italian
site (17 mg C m–2 h–1) and significantly higher (p =
0.0024) than the mean rates at Vallda (12 mg C m–2 h–1)
and Sarilhos Pequenos (11 mg C m–2 h–1). Biomass-spe-
cific productivity also proved significantly different
between sites (p = 0.0001) (Table 2). Although the daily

productivity appeared to vary between sites, no signif-
icant difference in daily production was found
between the sites (p = 0.102) over the 3 d. This was
probably due the high variation within a site for
Giralda (coefficient of variation, CV = 39%) and Saril-
hos Pequenos (CV = 46%) (Table 2).

Despite significant differences in the microphyto-
benthic biomass between sites (p = 0.0001), with
Vallda having a higher mean biomass than the other 2
sites, the mean chl a concentrations were of similar
magnitude (Table 2). However, the range of chl a was
greater at the intertidal site (CV = 74%) compared to
Giralda (CV = 37%) and Vallda (CV = 22%).

The composition of the microphytobenthic commu-
nity also varied between sites. The fine intertidal sedi-
ments were dominated by the epipelic diatom Navic-
ula phyllepta Kützing (80%), with the total count being
comprised of only 7 forms. The diversity at the subtidal
sites appeared higher, with approx. 40 forms being
found in both the counts for Giralda and Vallda. These
were dominated by small epipsammic, naviculoid
diatoms (not shown, but in Sundbäck et al. 1998). The
dominating species at Giralda and Vallda comprised
<30% of the total.

In situ productivity versus ambient irradiance

Although it was not the intention of this study to
define the photosynthetic characteristics of the micro-
phytobenthic communities, it was considered of eco-
logical interest to examine the relationship of the in
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Giralda Vallda Sarilhos Pequenos
(April/May 1998) (August 1998) (June 98)

Mean irradiance 784 1151 1182
(µmol photons m–2 s–1)
Hours of daylight 14.5 15 15.5
Sediment size fractions (%)

>500 µm 1 3
250–500 µm 18 11
100–250 µm 77 42
63–100 µm 3 31 1a

<63 µm 1 12 99a

Biomass (mg chl a m–2) 32.6 ± 1.700 47.4 ± 1.00 32.8 ± 2.8
(n = 53) (n = 105) (n = 75)

Productivity (mg C m–2 h–1) 16.81 ± 1.6000 11.83 ± 0.630 11.31 ± 1.48
(n = 70) (n = 99) (n = 65)

Daily production 209.33 ± 47.2000 163.33 ± 5.2100 .00095 ± 25.42
(mg C m–2 d–1) (n = 3) (n = 3) (n = 3)

Biomass-specific productivity 0.52 ± 0.040 0.26 ± 0.01 00.44 ± 0.06
(mg C chl a–1 h–1) (n = 70) (n = 99) (n = 70)

aV. Brotas pers. comm.

Table 2. Summary of results (means ±SE) for the 3 sites. Mean irradiance values were 
calculated only for period that sediment was light-exposed
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situ biomass-normalised productivity to ambient irra-
diance at each site. The relationship varied between
the sites. Statistically significant relationships were
found for both the subtidal sites when data for the
Giralda site were limited to clear-water periods only
(Fig. 4a,b). The relationship between in situ productiv-
ity and irradiance at Sarilhos Pequenos proved so vari-
able, differing within and between days, that no curve
fit could be determined (Fig. 4c).

Although the irradiance data at Giralda has to be
considered as an overestimation of irradiance at the
sediment surface, the pattern of increased productivity
with increased irradiance under clear-water conditions

is still applicable. Calculation of irradiance at the sedi-
ment surface at Vallda reduced values by approx. 20%
of air irradiance but did not alter the shape of the curve.
There was no sign of photosaturation of the in situ sedi-
ment microalgal community at Vallda (<1760 µmol
photons m–2 s–1), but an apparent approaching of pho-
tosaturation was seen at Giralda (Fig. 4a).

DISCUSSION

By employing principally the same methods at all 3
sites, it has been possible to investigate the patterns of
productivity at sites exposed to different tidal regimes.
Although the study includes no replication of the site
type (an obvious weakness if directly comparing tidal
regimes), measurements were replicated in time.
Besides spatial variation, previous studies have gener-
ally focused on short-scale, hour-to-hour variation (e.g.
Pinckney & Zingmark 1991, Blanchard & Cariou-Le
Gall 1994) or long-term variation, seasonal or between
years (e.g. Sundbäck & Jönsson 1988, Barranguet et al.
1997, Sundbäck et al. 2000). However, often the impor-
tance of considering mid-scale (daily) variation has
been overlooked (cf. Morrisey et al. 1994). Shaffer &
Onuf (1983) concluded that a reliable estimation
of monthly production required measurements to be
made several times a month, with studies sampling
only once or twice introducing a 40% error into the
monthly productivity estimate. This was reduced to
10% when sampling increased to 4 d mo–1. Although
our study only considered short- (h) and mid-scale (d)
variation, the total number of productivity measure-
ments made at each site were substantial (ca 70 to
100), equivalent to that seen in many seasonal studies.

Variation between sites

It must be kept in mind that our study represents
only a ‘snap shot’ in time from 3 different tidal regimes.
However, the level of replication allows some discus-
sion of the patterns emerging from the material. Above
all, it was striking that both the biomass and total daily
production of the microphytobenthos were of similar
magnitude in all 3 areas, despite their different tidal
influence, sediment type, nutrient regime (Table 2)
and diel pattern of primary productivity.

Microphytobenthic biomass and total daily production

The observation that the microphytobenthic biomass
varied only slightly between the sites agrees with other
previous data sets which increasingly show that esti-
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Fig. 4. Relationships of in situ biomass-specific productivity to
incident irradiance for (a) Giralda, (b) Vallda, and (c) Sarilhos
Pequenos. Irradiance data at Giralda is from air, with data
points split into measurements when water column appeared
clear (●) and when there was obvious suspended matter in
water (s). No statistically significant curve could be fitted for

Sarilhos Pequenos. Note that ordinate scales vary
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mates of the magnitude of microphytobenthic biomass
from intertidal and shallow subtidal sites can be similar
(Table 3 of present paper and tables in Colijn & de
Jonge 1984, MacIntyre et al. 1996). Thus, the idea that
sandy sediments generally support significantly lower
concentrations of microalgae than muddy sediments
(for review see Underwood & Kromkamp 1999), was
not supported by our results, rather the opposite. One
explanation for the similarity of the biomass concentra-
tion per area could simply be the different thickness of
the photic zone in sandy and muddy sediments. The
intertidal microphytobenthos, although able to move to
the optimal light environment, may well be limited by
space within the narrow photic zone (<500 µm) during
a limited production period. High cell densities in
‘bloom’ periods may also be regulated by greater
losses due to resuspension and grazing by epifauna.
The predominantly epipsammic communities may dis-
tribute throughout the deeper photic zone found in
sandier sediments (ca 3 mm, Kühl et al. 1994) but are

unable to move to optimise their environment. The bio-
masses measured at the 2 subtidal sites in our study
appear representative of the sites (for Giralda see
Viaroli et al. 1998, for Vallda see Sundbäck et al. 2000),
while concentrations at Sarilhos Pequenos fall within
the range reported for other intertidal sites in the
Tagus estuary (Brotas et al. 1995).

While the magnitude of biomass and productivity
was rather similar, the 3 sites differed with regard to
the level of intra-site heterogeneity and species com-
position. The subtidal sites showed less variation in
chl a and productivity (Vallda < Giralda) than the inter-
tidal site. The high degree of both spatial and temporal
heterogeneity at the intertidal site agrees with the
findings of others (e.g. Brotas et al. 1995 and refer-
ences therein). However, our study was not designed
to investigate microalgal heterogeneity between tidal
regimes and the results may well be a consequence of
sediment type. Sundbäck et al. (2000) found a high
degree of variation for a shallow sub-tidal site with fine
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Locality Sediment Chl a Source
thickness range

(mm) (mg m–2)

Shallow subtidal, sand
Mississippi Coast, USA 10 20–850 Daehnick et al. (1992)
Delmarva Peninsula, Virginia, USA 10 120–200 Reay et al. (1995)
Port Phillip Bay, Australia 10a 50–250 Light & Beardall (1998)
Kattegat, Sweden 3 35–60 This study
Sacca di Goro, Italy 3 10–50 This study

Shallow subtidal, mud
North Inlet Estuary, South Carolina, USA 2 45–80 Pinckney & Zingmark (1993)
Thau Lagoon, France 10 50–125 Barranguet et al. (1994)
Delmarva Peninsula, Virginia, USA 10 80–120 Reay et al. (1995)
Mobile Bay, Alabama, USA 5 <1–30 Schreiber & Pennock (1995)
Carteau Bay, France 10 50–125 Barranguet (1997)
Kattegat, Sweden 3 20–70 Sundbäck et al. (2000)

Intertidal, sand
Sheepscot River Estuary, Maine, USA 20 45–105 Cammen (1991)
North Inlet Estuary, South Carolina, USA 2 35–70 Pinckney & Zingmark (1993)
Tagus Estuary, Portugal 10 40–180 Brotas et al. (1995)
Westerschelde, SW Netherlands 1b 2–15 Barranguet et al. (1998)
Barnstable Harbor, Massachusetts, USA 17.6 125–392 Sandulli & Pinckney (1999)

Intertidal, mud
Sheepscot River Estuary, Maine, USA 20 25–140 Cammen (1991)
North Inlet Estuary, South Carolina, USA 2 40–70 Pinckney & Zingmark (1993)
Ems-Dollard Estuary, Netherlands 5 29–247 de Jonge & Colijn (1994)
Tagus Estuary, Portugal 10 70–260 Brotas et al. (1995)
Gironde Estuary, France 10 5–120 Santos et al. (1997)
Westerschelde, SW Netherlands 1 15–31 Barranguet et al. (1998)
Tagus Estuary, Portugal 3 11–95 This study

aIncludes both sandy and muddy sediments: no difference was found between sediment types
bMeasured by HPLC

Table 3. Ranges of chlorophyll a (mg m–2) reported for muddy and sandy sediments from selection of intertidal and shallow, sub-
tidal (<5 m) areas. Concentrations were estimated from figures in respective studies. Pigment analysis was carried out by spec-
trophotometric methods unless otherwise stated. Further chlorophyll estimates are to be found in Colijn & de Jonge (1984) and 

MacIntyre et al. (1996)
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sediments. The difference in species composition was
more than likely to have been determined by sediment
type. Other studies (e.g. Barranguet 1997) have also
found the same magnitudes of biomass from sites of
different sediment-sizing, with differences only show-
ing in the composition of the microalgal community.

No significant difference in mean daily productivity
between the sites was found. However, mean biomass-
specific productivity was significantly lower at Vallda
than the other 2 sites, possibly as a result of nutrient
limitation (N availability in the overlying water dif-
fered by 2 orders of magnitude, Vallda < Giralda ≈ Sar-
ilhos Pequenos: Table 1). Nutrient limitation has been
previously shown for sandy subtidal sediments (Nils-
son et al. 1991). On the other hand, the sandy site
appears to be highly efficient in internal N cycling
(Sundbäck et al. 2000), which agrees with the findings
of Lomstein et al. (1998), the sediment porewater being
an important source of remineralised N.

Mean PB at the 3 sites was highest at Giralda. How-
ever, the greatest range of PB was found at Sarilhos
Pequenos, with daily values increasing across the
days. This variation is likely to have resulted from the
pattern of tidal exposure at the site. If the microphyto-
benthos became limited over the exposure period by,
for example, CO2 (Rasmussen et al. 1983, Glud et al.
1992) or nutrients (see below), then the greatest effi-
ciency of the sediment phototrophs would occur when
the cells first reached the photic zone of the exposed
sediment. This can be seen in the diel patterns of PB

presented here (Fig. 3c). Rates decreased with time
across the tidal exposure. As a result, the highest pro-
ductivity of the microphytobenthic community, on a
daily basis, resulted from a split in the daytime emer-
sion period. On the first sampling day, a single (long)
sediment exposure possibly resulted in nutrient limita-
tion of the microphytobenthic community. The addi-
tion of ammonium to replicate 14C cores significantly
stimulated the uptake of the 14C (Miles et al. unpubl.
data) during high irradiance periods, indicating that
cells in the surface biofilm may have become nutrient-
limited. No stimulation was seen in the evening, how-
ever, when in situ irradiance was lower. A few other
studies have found evidence of nutrient limitation in
emersed intertidal microphytobenthic communities
(e.g. Feuillet-Girard et al. 1997, Thornton et al. 1999).

A general interesting finding was that the mean
daily production of the muddy tidal site did not exceed
that of the subtidal sandy sites (Table 2), but was rather
lower. A recent study comparing annual mean daily
primary productivity (oxygen flux in intact sediment)
of 22 European sites suggests that shallow subtidal
sediments in microtidal areas may even support a
higher daily primary productivity than intertidal mud-
flats (Sundbäck et al. unpubl. data), probably because

of the shorter daylight exposure at tidal sites compared
with constantly submersed clear-water sites.

To conclude, the lack of differences between the
sandy subtidal and muddy intertidal sites studied
might be explained by (1) a limited daily light period
available for primary production on muddy, turbid
intertidal sites, (2) a possible short-term limitation of
nutrients or carbon in muddy sediments during expo-
sure at low-tide, and (3) an efficient recycling of N in
low-N subtidal sandy areas.

Diel patterns of productivity

To study the response of microphytobenthic produc-
tivity to irradiance (PI), we used our in situ productivity
values to investigate whether a general relationship
between irradiance and productivity could be estab-
lished in undisturbed communities in the field under
natural varying light conditions. Thus, the curves in
Fig. 4 should not be regarded as classical PI curves
established under controlled conditions.

The microphytobenthic community at Vallda, cov-
ered by only a shallow, clear-water column, followed a
clear pattern of carbon uptake driven by incident irra-
diance. There was no sign of photosaturation of the
algal community (Fig. 4b). The ‘epipsammic’ commu-
nity dominating these sandy sediments may well have
been photoinhibited in the very surface sediments, but
this was probably counteracted by the increased pro-
duction at depth. The good correlation of carbon
uptake with irradiance at this site matches that seen for
net oxygen production with irradiance over the annual
cycle (Sundbäck et al. 2000), indicating that the rela-
tionship was not unique for the sampling period.

The driving force behind the production patterns at
Giralda was more complex, but it appeared that
the varying turbidity (i.e. the freshwater influence) of
the overlying water (and hence varying irradiance at
the sediment surface) controlled the microphytoben-
thic productivity. Unlike at Vallda, it appeared that
this sediment community approached light-saturation
(Fig. 4a).

Patterns at the intertidal site were obviously driven
by tidal cycles and the resultant vertical migration of
the cells. Pinckney & Zingmark (1991) found a 2-fold
change in gross primary production that they attrib-
uted to vertical migration. If measurements are taken
over a staggered time frame, as in our case, any rela-
tionship between irradiance and productivity is impos-
sible to identify. Even at high irradiances, photoinhibi-
tion of the algal community is unlikely, as the motile
species are able to position themselves in the optimal
light environment. Most previous studies have con-
cluded that the intertidal microphytobenthos does not
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become photoinhibited (Rasmussen et al. 1983, Blan-
chard & Cariou-le Gall 1994, Barranguet et al. 1998).

Conclusions

Microphytobenthic biomass and productivity were
‘strikingly’ similar in magnitude between the tidal
regimes. With the exception of short-term ‘blooms’ of
the microphytobenthos and well-established structural
mats, it would therefore appear that coastal shallow-
water sediments may have a similar ‘carrying capacity’
with regard to the general standing microalgal bio-
mass, the main difference being in the degree of het-
erogeneity within a site and the species composition.
As the diel pattern of productivity appears to differ
between sites, with local conditions controlling the role
of irradiance, a general pattern of microphytobenthic
productivity is difficult to determine. Further replica-
tion of sites (tidal regimes and sediment types) is
required to assess more thoroughly the effect of the
tidal regime on microphytobenthic total productivity,
but it is apparent that temporal replication on a mid-
scale (i.e. day) basis is important in assessing
monthly/seasonal variation.
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