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A B S T R A C T

Intertidal mudflats are among the most productive ecosystems and microphytobenthic (MPB) biofilms play a key
role in primary production. MPB primary production varies at short spatial and temporal scales. Accurate
measurements thus require rapid non-intrusive methods like pulse amplitude modulate (PAM) fluorescence.
However, the effect of granulometry and chl a concentration profile in light attenuation on irradiance and on
fluorescence signal in the photic layer need to be taken into account when primary production is estimated using
PAM. We propose a tool to readjust raw photosynthetic parameters (rETRmax, α, Ik) estimated from PAM
measurements on the field, to avoid over- or underestimation. To develop the tool, we used models previously
designed by Kühl and Jørgensen (1992), Serôdio (2004) and Forster and Kromkamp (2004) by integrating the
chl a distribution profiles and sediment granulometry from pure sand to pure mud. The sensitivity of the cor-
rection to sediment granulometry and the shape of chl a profile were evaluated theoretically using a typical
fluorescence data set obtained using PAM measurements. Our results confirm the importance of accounting for
both the chl a profile and sediment granulometry when estimating a light attenuation coefficient. We show that,
with the same chl a profile, the photosynthetic parameters are more underestimated in mud than in a sandy
environment. Thus, granulometry and the chl a profile need to be systematically quantified and used to correct
raw data measured in field studies using PAM before estimating photosynthetic parameters. The numerical tool
is available as an e-document that is simple and easy to apply to any PAM data.

1. Introduction

Littoral areas of lakes and coastal seas are among the most pro-
ductive ecosystems in the world, and their production far exceeds that
of open oceans (Geider et al., 2001). One of the main primary producers
in these regions is the microalgae that develop in the euphotic zone of
many types of benthic substrates (Underwood and Kromkamp, 1999;
Aberle-Malzahn, 2004). The importance of microphytobenthic primary
production (PP) is similar to that of phytoplankton (Underwood and
Kromkamp, 1999) where ~90% of production is consumed or recycled
to maintain local heterotrophic metabolism (Cloern et al., 2014). Many
authors consider that the productivity and biomass of micro-
phytobenthos (MPB) are greater than those of phytoplankton on in-
tertidal mudflats (De Jonge and Van Beuselom, 1992; Lucas and
Holligan, 1999; Guarini et al., 2000; Kang et al., 2015). Moreover, these
microphytobenthic communities, which include assemblages of dia-
toms, green algae, and cyanobacteria (Admiraal et al., 1985) also have

major ecological implications as ecosystem engineers (Sutherland et al.,
1998; Tolhurst et al., 2006; Lubarsky et al., 2010), as trophic support
for benthic fauna locally (Herman et al., 2000), but also after exports to
adjacent habitats of intertidal mudflats (Ubertini et al., 2012; Kang
et al., 2015).

The primary production and standing stocks of MPB biofilms in-
habiting intertidal sediments vary at several spatial and temporal scales
(Blanchard et al., 2001; Orvain et al., 2012). Changes can vary from
very short to long time scales linked to tidal rhythm, daily photoperiod,
spring/neap cycles and seasonal cycles (Taylor, 1964; Pinckney and
Zingmark, 1991; Blanchard et al., 2001). Primary production also dis-
plays a high degree of spatial variability from high-resolution patchy
distribution related to the intrinsic autoecology of biofilms (Weerman
et al., 2011) to benthic fluxes regulated by macrofauna, biogeochemical
components affecting organic matter, and release of nutrients (Thrush
et al., 2013). But primary production is also influenced by mesoscale
patterns related to the morphodynamics of estuarine landscapes and
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tidal bars and flats (Fagherazzi et al., 2014) and large scale changes
related to sediment composition, salinity, nutrient inputs linked to river
flows (Benyoucef et al., 2014) and shear stress (Fagherazzi et al., 2014).
Among all these sources of variability, light is the main factor influ-
encing primary production (Underwood and Kromkamp, 1999). There
are major spatial and temporal gradients in the availability of light in
MPB habitats that control primary production. Steep irradiance gra-
dients occur across the surface of the sediment bed that depends on
grain size (Kühl et al., 1994) and on the relative proportion of silt and
sand. Intertidal sites are subject to varying patterns of diel lightning
periods mediated by periods of tidal immersion (Underwood and
Kromkamp, 1999). Such changes are accompanied by a variation in the
spectral quality of light in sediments (Kühl and Jørgensen, 1992). Ir-
radiance is further modified by increased attenuation of light at depth
due to the presence of microalgal biofilms in the surface layers of the
sediments (Ploug et al., 1993; Kühl and Jørgensen, 1994). To cope with
light variability, the majority of epipelic microphytobenthos are mobile
and undertake rhythmic vertical migration linked to both the diel and
tidal cycles (Taylor, 1964; Baillie and Welsh, 1980; Edgar and Pickett-
Heaps, 1984; Mitbavkar and Anil, 2004). In intertidal sediments, this
motility has been hypothesized to be a strategy developed by MPB
biofilms to colonize the illuminated surface when light is available
(using upward migration). Downward MPB migration occurs during
high exposure (tidal diurnal emersion), as a strategy to avoid photo-
inhibition due to high light exposure and potential saturation of pho-
tosystems (Admiraal, 1984) and to capture remineralized nutrients
concentrated in deeper sediment layers (Orvain et al., 2003). The level
of light at the surface of intertidal mudflats is very much higher than
the highest possible level in the phytoplanktonic photic layer in the
water column, the migratory strategy could thus be the main adaptation
to limit impairment due to excessive light. Especially compared with
other forms of physiological adaptation of diatom cells, such as mod-
ifications in internal chl a concentration, pigment composition, the
number of active reactional centers, the size of the light harvesting
cross section, or activation of xanthophyll cycle (Serôdio et al., 2012;
Cartaxana et al., 2013). In diatoms, this mobility is associated with the
excretion of extracellular polymeric substances (Decho, 2000), pri-
marily glycoproteins, which can also be used by bacteria, meiofauna
and macrofauna as carbon sources (Middelburg et al., 2000) and re-
inforce the importance of microphytobenthos as a food web support.

Because of high variability at short spatial and temporal scales,
accurate measurements of primary productivity require rapidly re-
peated spatially and temporally close measurements while avoiding
disturbances in the microscopic gradient of the photic zone under the
air-sediment interface (Kühl and Jørgensen, 1994). However, tradi-
tional primary production measurements using labeled 14C carbon
cannot be used without disturbing natural assemblage and re-
suspending them in incubators for experiments longer than 1 h
(Blanchard et al., 1996; Underwood and Smith, 1998). The turbidity
and shading effects of algae make the control of light and its availability
for algal cells difficult to accurately estimate in incubators. Moreover,
the typical high-resolution variability of benthic primary producers and
processes under the influence of natural microscopic gradients in the
photic zone cannot be measured by such techniques. For this reason,
there has been an increase in research on rapid non-intrusive methods
using oxygen electrodes (Serôdio, 2003) and pulse amplitude modu-
lated (PAM) fluorescence (Kromkamp et al., 1998; Serôdio, 2003;
Forster and Kromkamp, 2004; Jesus et al., 2006), which exploits the
optical properties of chlorophyll a pigments (chl a) for rapid and remote
detection of the MPB photosynthetic activity in these fragile environ-
ments (Jesus et al., 2006). This technique has considerable advantages,
such as the rapidity and non-intrusive nature of the measurements that
facilitate adaptation to the degree of temporal and spatial variability of
the MPB communities (Serôdio, 2004). PAM techniques are easily de-
ployed in the field, explaining why there is extensive literature on the
use of PAM fluorometers (Walz, Germany) in studies of MPB

communities (Serôdio et al., 1997, 2007; Kromkamp et al., 1998;
Underwood and Kromkamp, 1999; Barranguet and Kromkamp, 2000;
Serôdio and Catarino, 2000; Perkins et al., 2001, 2011; Forster et al.,
2006; Vieira et al., 2013; Juneau et al., 2015).

The PAM method relies on measurements of the fluorescence
emitted by MPB in response to light pulses. After a period of darkness
imposed on the MPB sample (between 5 and 10min depending on the
study), the minimum level of fluorescence (F0) is recorded. Then, in
response to a light saturating flash, the maximum level of fluorescence
(FM) is recorded. After which increasing the pulse of actinic light (I)
with a time lag (e.g. lasting 30 s) makes it possible to measure a series of
steady-state fluorescence level FS(I) and new maximum levels FM′(I).
Using these fluorescence values, the light level (I) and an ETR factor,
the electron transport rate (ETR) in photosystem II (PSII), which equals
the product of apparent or effective photochemical efficiency, can be
calculated: ETR(I)= [(FM′(I)− FS(I)) / FM′(I)]× I×ETR factor. Since
the percentage of photons absorbed by active Photosystem II (PSII) is
debatable and can differ among species according to Johnsen and
Sakshaug (2007) and Schreiber et al. (2012), the ETR factor is not
considered as a constant value. During the first steps of data treatment
of PAM results, ETR can be expressed in relative form: rETR
(I)= [(FM′(I)− FS(I)) / FM′(I)]× I. Photosynthetic parameters (rE-
TRmax, α, Iopt and Ik) can therefore be estimated by adjusting the rETR/I
curves to photosynthetic non-linear models: for instance either the
Webb et al. (1974) model, when there is no decrease in rETR at high
levels of I, or the Eilers and Peeters (1988) model, when there is an
apparent decrease in rETR at the highest I. Although these method do
not allow direct access to primary production measurements, many
studies have shown that it is possible to use the fluorescence approach
to estimate primary production as accurately as with other traditional
incubation methods, such as carbon incorporation or oxygen release
measurements (Hartig et al., 1998; Barranguet and Kromkamp, 2000;
Serôdio, 2003; Morris and Kromkamp, 2003; Serôdio et al., 2007).

However, PAM measurements require cautious interpretation
especially because of the micro-heterogeneity of the benthic habitat,
which has marked effects on light and fluorescence attenuation in sand
and mud particles (Kühl and Jørgensen, 1994) and vertical profiles of
the MPB biomass (Vieira et al., 2013), but also because of the micro-
topography that affects incident light at the surface. Thus PAM mea-
surements are actually affected by light attenuation, which in turn, is
mainly dependent on the vertical profile of chl a concentration (self-
shading by the MPB positioned in the upper layers), their migration
behavior, and grain size (Kühl and Jørgensen, 1994; Forster and
Kromkamp, 2004; Serôdio, 2004), but also by minor factors like the
effect of the different composition of pigment in the MPB species as-
semblage (diatoms, cyanobacteria, euglenoids) on spectral radiation,
the presence of pheopigment, which are breakdown products of chl a,
and the presence of water (Kühl and Jørgensen, 1994). Perkins et al.
(2011) argued that the application of chlorophyll fluorescence to MPB
biofilms is complex because of the signal emanating from subsurface
cells, vertical cell migration in the sediment matrix, high regulation
capacity, chlororespiration in the dark, and the effects of the physical
structure of the sediment/biofilm matrix (light attenuation caused by
the sediment matrix). Due to light attenuation in the sediment, the level
of irradiance received by the photosynthetic cells in their vertical po-
sition in the sediment photic layer is attenuated. Conversely, the at-
tenuation also affects the fluorescence returned by cells and measured
at the surface of the sediment. For these reasons, raw field measure-
ments underestimate the actual level of fluorescence produced. Serôdio
(2004) and Forster and Kromkamp (2004) demonstrated that it is
possible to calculate light and fluorescence attenuations during PAM
measurements. These two studies agreed that 40% of the error in esti-
mations of photosynthetic parameters occurs between measured and
corrected values. These models were applied in case studies (scenarios)
by simulating various vertical migratory patterns with the microscopic
profile of chl a biomass. However, the granulometry of the sediment
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can also modify light availability for diatoms under the surface of the
sediments (Kühl and Jørgensen, 1994; Kühl et al., 1994; Jesus et al.,
2005), but the wide range of natural situations encompassing all types
of sand-mud mixtures (from pure mud to pure sand) has never been
taken into account in the corrections.

In the present study, the model developed by Serôdio (2004) and
Forster and Kromkamp (2004) was updated into a new data processing
tool that can be applied to field measurements to better evaluate in situ
microphytobenthic photosynthetic parameters, and subsequently, pri-
mary production. The sensitivity of the tool was tested in various types
of microalgal distribution (chl a vertical profile) and of sediment
granulometry, ranging from pure mud to pure sand. Conclusions about
the importance of the application of this correction for accurate esti-
mation of microphytobenthos photosynthetic parameters are thus put
forward. The practical numerical tool can be used to readjust photo-
synthetic parameters of in situ measurements in routine applications.
All the algorithms were performed using Excel (see e-document) and
Matlab (available on request).

2. Methods

2.1. Step-by-step details of irradiance/fluorescence correction from PAM
measurements in sediment biofilm

2.1.1. Light attenuation coefficient
The term ‘light’ (as well as irradiance) in the following paragraphs

refers to ambient photosynthetically active radiation (PAR). To esti-
mate the light attenuation with depth in the foreshore sediment, a light
attenuation coefficient (Table 1; kd; mm−1) was calculated using the
equation provided by Forster and Kromkamp (2004). This equation
takes into account the sediment dry weight (PSed) at each depth in-
terval (zi), their specific attenuation value k⁎d(sed), the proportion of chl a
content (PChl a) and their specific attenuation coefficient k⁎d(chl a), as:

= × + ×∗ ∗k (PSed k ) (PChl k )ad(zi) zi d(sed) zi d(chl ) (1)

PChl a was calculated for each section from cumulative chl a con-
centration (mgm−2) from the surface to the depth (zi) of the section
concerned according to the equation:

=
−aPChl
2.9

a

z

cumulative Chl (z )
z

i

i
i

(2)

where zi is the depth of the section in μm, assuming a theoretical
maximum areal chl a concentration of 29mgm−2 for a depth of 10 μm
(Forster and Kromkamp, 2004), and 2.9 mgm−2 for a depth of 1 μm.
We decided to use the same value as Forster and Kromkamp (2004),
which is a little higher than the 25mgm−2 of areal chl a concentration
estimated by Guarini et al. (2000) in their dynamic model of MPB
primary production. The cumulative chl a (mgm−2) was calculated
directly from the chl a content of each interval from vertical profiles
(chl azi; μg gDW−1). These values of chl a were obtained by sampling
minicores in the field and immediately freezing them. Each section was
then sliced with a cryotome to measure dry mass and chl a content. The
conversion from μg gDW−1 to mgm−2 was based on the dry bulk
density (g cm−3) and the depth of the section (mm). The fractions
PSedzi (Eq. (1)) were calculated according to the relation:
PSedzi= 1− Pchlzi.

The reference value for chl a specific attenuation coefficient of
0.02m2mg chl a−1 (Forster and Kromkamp, 2004) was used to estimate
the attenuation coefficient, k⁎d(chl a) (Eq. (1)), and a value of 58mm−1

was obtained (k⁎d(chl a)= 2.9mg chl am−2 μm−1×0.02m2mg chl
a−1=58mm−1). The reference value of specific attenuation coefficient
of 0.02m2mg chl a−1 was originally based on the table of values for
planktonic diatom cells in Kirk (1983) and confirmed for micro-
phytobenthic diatoms by Forster and Kromkamp (2004)

The reference value for sediment specific attenuation coefficient of
0.011m2mgDW−1 enabled us to obtain a value of 2mm−1 for k⁎d(sed)
(Eq. (2)) in absence of chl a (Forster and Kromkamp, 2004). However,
in a mixture of sand and mud, the value of k⁎d(sed) can change with
changes in the grain-size composition of sediments (Kühl and
Jørgensen, 1994) thereby changing kdi values. In the same way that the

Table 1
Explanations of the photophysiological parameters and notations used in this study.

Parameters unIt Explanation

I, I0
Izi
Iopt or Iopt-c

Ik or Ik-c

μmol photons m−2 s−1 - Irradiance at the surface (Photosynthetically active radiation)
- Irradiance at the depth zi (Photosynthetically active radiation)
- Optimal Irradiance for photosynthesis obtained with rETR/I curves (Eilers and Peeters, 1988) before and after correction
(c)

- Light saturation index before and after correction (c)
F0
FM

No units - Minimum fluorescence emitted by a dark-adapted sample (I= 0)
- Maximum fluorescence emitted by a dark-adapted sample (I= 0)

FS
FM′

No units - Steady-state fluorescence emitted by a light-adapted sample (I)
- Maximum fluorescence emitted by a light-adapted sample (I)

FSE
FSR
FME

FMR

No units - Fs emitted (-E) by microphytobenthos pigments
- Fs received (-R) by the PAM sensor after attenuation of FSE
- FM emitted (-E) by microphytobenthos pigments
- FM received (-R) by the PAM sensor after attenuation of FME

F(I;z) No units - Fluorescence for an irradiance I and a depth z
FMET

FSET
FMRT

FSRT

No units - Total FME from all interval of depth
- Total FSE from all interval of depth
- Total FMR from all interval of depth
- Total FSR from all interval of depth

kd
k⁎d(sed)
k⁎d(chl a)

mm−1 - Light attenuation coefficient
- specific attenuation coefficient of the sediment particles
- specific attenuation coefficient of the chl a pigment

(r)ETR(I)
rETRmax

rETRmax-c

μmol electrons m−2 s−1 - (Relative) electron transport rate obtained with PAM measurement
- Maximum rETR(I) measured with rETR/I curves (Eilers and Peeters, 1988) before and after correction (c)

zi
zmax

mm - Depth of a sediment layer interval (i)
- Maximum depth where fluorescence is detected

α
αc

μmol electrons (μmol photons)−1 - Maximum light efficiency measured with rETR/I curves (Eilers and Peeters, 1988) before and after correction (c)

δ % - Percentage of correction after model application
NPQ(I) Fluorescence ratio - Non-photochemical quenching
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variation in chlorophyll has to be taken into account, so does variation
in sediment composition. In this study, the k⁎d(sed) was not considered as
a constant value but was changed as a function of the granulometry
(See Methods. 2.2 Model sensitivity to sediment granulometry).

2.1.2. Irradiance correction
The irradiance from ambient photosynthetically active radiation

(PAR) as well as artificial light emitted by the PAM fluorometer and
discerned by the microphytobenthos can be considered as an attenuated
beam from above due to the successive layers of sediment and the su-
perficial biofilms according to the previously calculated attenuation
coefficient kd (Eq. (1)). Actual irradiance as detected by deep MPB cells
can be expressed at each distance from the surface using the Beer-
Lambert equation as:

= × ×I I ezi 0
kd z(zi) i (3)

where I0 is the irradiance at the surface in μmol photons m−2 s−1, zi
(mm) the depth of the section considered and kd(zi) is the light at-
tenuation coefficient in mm−1 (Eq. (1)) at depth zi.

2.1.3. Fluorescence correction
For an irradiance (I) sent by a PAM device (PAR), irradiance Izi will

be received by the MPB cells at depth zi. In response, the photosynthetic
apparatus of these cells emit fluorescence (hereafter, the suffix F-E for
Emitted fluorescence will be used to express this level). This level of
fluorescence is attenuated for the same reason as that of irradiance, but
in this case, from a signal coming from the depth before being measured
by the PAM device (hereafter the suffix F-R for Received fluorescence
will be used to express this level).

As PAM sends a “measuring light” to estimate the minimum fluor-
escence (F0), different intensity pulses of saturating light to estimate
maximum fluorescence values (FM or FM′) and actinic lights to estimate
steady-state fluorescences (FS) (Van Kooten and Snel, 1990). Using the
measured fluorescence, the PAM method makes it possible to estimate a
relative electron transport rate (rETR; μmol electrons m−2 s−1) for each
level of actinic irradiance (I; μmol photons m−2 s−1) calculated as fol-
lows:

=
′ −

′
×rETR(I) F (I) F (I)

F (I)
IM S

M (4)

Similar to irradiance, the fluorescence values used in Eq. (4) have to
be corrected as a function of the real irradiance Izi (Eq. (3)) received by
the MPB cells and by considering the subsequent attenuation of fluor-
escence along the sediment layers.

The polynomial trend line of the FS (and FM) versus I curves mea-
sured by the PAM device at surface was plotted and fitted to extract the
coefficients (a, b, c and d) of the polynomial regression (Fig. 1).

Then, for each Izi and zi, the steady-state fluorescence emitted by the
microphytobenthos FSE(Izi; zi) was calculated with the polynomial
coefficients as:

= × + × + × + ×
× aF (I ; z ) (a I b I c I d) I Chl (z )

ISE zi i zi
3

zi
2

zi
zi i

T (5)

where IT represents the cumulative Izi received and used by the chl a
content (mg chl am−2) for each interval (di) calculated as follows:

∑= × ×aI (I chl (z ) di)T
i

zi i
(6)

The steady-state fluorescence measured by the PAM (FS= FSR)
corresponds to the integration of the FSE values after attenuation by the
layers of sediment and the biofilms (Fig. 2). The FSR(Izi; zi) values re-
present the attenuated FSE(Izi; zi) values along the depth layers ac-
cording to the attenuation coefficient kd previously calculated (Eq. (1))
and can be calculated for each depth zi as:

= × ×F (I ; z ) Fse(I ; z ) eSR zi i zi i
kd zzi i (7)

The steady-state fluorescence emitted by the MPB in one deep layer
is estimated by considering that the fluorescence received is attenuated
(Equation in Fig. 2). The actual emitted steady-state fluorescence (FSE)
after attenuation (FSR) can then be estimated (see e-document). Thus,
the FS values measured by the PAM device for a given irradiance I,
represent the integration over depth of the Total Received Fs from the
different layers as:

∫=F (I) F (I ; z )diSRT 0

z
SR zi i

max

(8)

where zmax is the maximum depth at which the microphytobenthos can
detect the downwelling beam of irradiance under the surface and di is
the interval of depth where the fluorescence was emitted by chl a
pigments.

In the dark (I=0), the fluorescence values FSE(I0,zi) cannot be
evaluated with the previous method used to calculated the other FSE,
relying on irradiance. To get round this problem, the FSE(I0,zi) values
were extrapolated from the three-order polynomial trend lines of FSE(zi)
versus Izi curves and considered to be equal to the coefficient d from the
polynomial trend (y=ax3+ bx2+ cx+d) (Fig. 3).

Due to the effects of light attenuation, the value FSRT, which should
be equal to the FS initially measured by the PAM device, is higher. Thus,
for each FS(I), a coefficient ω(I) was calculated (Eq. (9)) and each value
of FSE(Izi; zi) and FSR(Izi; zi) was corrected (Eqs. (10) & (11)):

=
I

F I
ω(I) F ( )

( )
SR

S

T

(9)

= ×F (I ; z )c F (I ; z ) ω(I)SE zi i SE zi i (10)

= × ×F (I ; z )c F (I ; z )c eSR zi i SE zi i
kd zzi i (11)

The same steps as those described for FS (Eqs. (5) to (11)) were
applied to the fluorescence values of FM′.

All these calculations allowed us to access the fluorescence values
that are emitted by the MPB cells before attenuation (FSE and FME) and
can now be used to calculate the rETR(I) actually emitted (rETRc) ei-
ther for each depth interval (rETRc(Izi; zi); Eq. (12)), or for the entire
profile (rETRc(I); Eq. (13)).

=
−

×rETRc(I ; z ) F (I ; z )c F (I ; z )c
F (I ; z )c

Izi i
ME zi i SE zi i

ME zi i
zi

(12)

Fig. 1. Plot of the stable (FS; black dots) and maximum (FM; empty circles) fluorescence
values as a function of the different irradiance values sent by the PAM device (ordinates).
Values were chosen as a function of the curve profile and obtained from PAM measure-
ment performed on MPB biofilm from an intertidal mudflat (Baie des Veys, France). The
relations were fitted using a polynomial trend (y= ax3+bx2+ cx+d) to estimate the
FSE and FME values using the real irradiance received by the cells (Izi).
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=
−

×rETRc(I) F (I)c F (I)c
F (I)c

IMET SET

MET (13)

After the spectral quality of kd is taken into consideration, the
fluorescence attenuation is higher than the light attenuation, as shown
by Kühl et al. (1994). Thus, Serôdio (2004) considered separated values
of attenuation coefficients for irradiance and fluorescence. In this study,
following the approach used by Forster and Kromkamp (2004), we
decided not to use different values of fluorescence and light attenuation
because the fluorescence values were estimated as a function of irra-
diance values by using a polynomial equation (Figs. 2 & 3) that actually
included these spectral differences.

2.1.4. rETR vs. I curves
Each originally measured rETR(I), and each rETRc(I) estimated after

correction, were plotted as a function of the initial levels of irradiance
sent (I). To estimate the photosynthetic parameters, the mechanistic
model of Eilers and Peeters (1988) (Eq. (14)) was applied and the
coefficients (a, b, c and d) of each fit were extracted:

=
+ +

=
+ +

I IrETR( ) I
(aI bI c)

and rETRc( ) I
(a I b I c )2

c
2

c c (14)

Next, the photosynthetic parameters were calculated. Using the
maximum light utilization efficiency (α; Eq. (15)), the maximum pho-
tosynthetic capacity (rETRmax; Eq. (17)) and the light saturation index
(Ik; Eq. (18)) were calculated before and after correction (subscript c) as
follows:

= =α
c

α
c

1 and 1
c

c (15)

Fig. 2. Illustration of the terms used in Eqs. (3), (5) and (7). The irradiance received at each depth zi (Izi) by the microphytobenthic cells is an attenuated value compared with the real
irradiance at the surface (I0) following a light attenuation coefficient (kd) which can differ with the light, biomass distribution and the type of sediment. In the same way, the level of
fluorescence, FSR(Izi; zi), at the surface is an attenuated value compared with the real fluorescence emitted by undisturbed microphytobenthos biofilms FSE(Izi; zi) from depth following the
same attenuation coefficient.
(Figure taken from Serôdio (2004) and modified)

Fig. 3. Plot of the steady state fluorescence (FSE; black dots) emitted as a function of the different irradiance values sent by the PAM device (ordinates) for a defined depth (z=−0.2mm
at the top and z=−0.4 mm at the bottom). The relations were fitted using a polynomial trend (y=ax3+ bx2+ cx+d) to estimate the FSE values for I= 0 considered as equal to the
coefficient d from the polynomial trend.
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2.1.5. Non-photochemical quenching
The corresponding heat dissipation of the excess absorbed light

energy, which can be estimated from the non-photochemical quenching
(NPQ) of chl a fluorescence (Serôdio and Lavaud, 2011; Chukhutsina
et al., 2014), can also be calculated before attenuation either for each
depth interval (NPQ(Izi; zi)c; Eq. (19)), or for the entire profile (NPQ(I)
c; Eq. (20)):

=
= −NPQ(I ; z )c F (I 0; z )c F (I ; z )c

F (I ; z )czi i
ME i ME zi i

ME zi i (19)

=
= −NPQ(I)c F (I 0)c F (I)c
F (I )c

MET MET

MET zi (20)

All these calculations enabled access to the actual photosynthetic
parameters of microphytobenthic cells that were subject to light at-
tenuation and received fluorescence signals emitted by sediment grains
and chlorophyll along the depth profile. All these calculations are made
by a rapid automatic correction tool in which the user can change the
raw values to apply the same correction. This tool is now available as an
Excel file (see e-document) or Matlab script (available on request).

2.2. Model sensitivity to sediment granulometry

As mentioned above, the k⁎d(sed) and the shape of chl a should not be
considered as constant values when kd(zi) are estimated (Eq. (1)). To
emphasize this, the sensitivity of the correction tool to k⁎d(sed) variability
and the shape of the chl a profile was evaluated in theoretical study
cases.

A typical fluorescence data set exhibiting an apparent decrease at
high irradiance was used (Table 2) but the tool developed in this study
is available for each fluorescence data set. The polynomial trends of this
fluorescence dataset (ax3+ bx2+ cx+d; Fig. 1) used in Eq. (5) were
estimated and the coefficients extracted: for FS (a=−3.97×10−8;
b=−2.87×10−6; c=−0.13; d=301.04; R2= 0.997) and FM
(a=1.42× 10−7; b=−0.0003; c=0.11; d=209.56; R2= 0.910).

To account for the chl a specific “self-shading” of the light at-
tenuation, different types of chl a depth profiles were tested (Fig.4). The
proposed profiles of chl a distribution are representative of typical si-
tuations. Indeed, chl a depth profiles can change on intertidal flats.
First, we propose a uniform vertical distribution (Fig. 4-1) typical of

sandier sites, but that also occurs in recently deposited fluid layers of
mud. Second, a distribution with strongly accumulated chl a in the
uppermost 500 μm layer (Fig. 4-3) observed in muddier sites (Kühl and
Jørgensen, 1992; Barranguet and Kromkamp, 2000; Jesus et al., 2006)
mainly in the middle of the diurnal immersion period in sunny condi-
tions (Dupuy et al., 2014). Third, at the beginning and at the end of
immersion periods (the first and last 30 min), MPB chl a in muddy se-
diments has been shown to be more concentrated in subsurface layers
(with a peak at 1–2mm; Fig. 4-2) and this situation is also encountered
in the middle of immersion periods, in the case of rainfall (Tolhurst
et al., 2003). In nature, MPB biofilm can tend to migrate downward
very rapidly during immersion periods, when rain is falling (Perkins
et al., 2003). The typical scheme of MPB migration is clearly re-
sponsible for these succeeding steps of chl a vertical distribution
(Serôdio et al., 1997; Blanchard et al., 2001; Orvain et al., 2003).

The light attenuation coefficients for non-colonized sediments were
measured by Kühl and Jørgensen (1994) on sediments ranging from wet
sand to pure mud. The values estimated for different particle sizes of
>63, 63–125, 125–250 and 250–500 μm, were 3.46, 1.64, 1.60 and
0.99mm−1, respectively. To account for the influence of variation in
the sediment specific attenuation k⁎d(sed) in numerical simulations, we
used a minimum value of 1mm−1, representative of low attenuation in
sandy sediments, and a maximum value of 4mm−1, representative of
high attenuation in muddy sediments. These values are close to the
values found by Kühl and Jørgensen (1994) for dry sand and diatoms.
The degree of compaction can also alter the attenuation coefficient due
to rapid variations in water content caused by consolidation during
periods of immersion (Jesus et al., 2006).

Six theoretical scenarios were tested by crossing the 2 factors: k⁎d(sed)
and the shape of the chl a profile (Table 3).

3. Results

In all the case studies, the corrected rETR values (rETRc) were
consistently higher than those measured initially, revealing under-
estimation of this parameter in the absence of correction. In compar-
ison, the corrected NPQ was not affected by the correction, with a

Table 2
A reference data set of PAM measurements exhibiting an apparent decrease at a high level
of irradiance (>400 μmol photons m−2 s−1). Values were chosen as a function of the
curve profile and obtained from PAM measurements performed on MPB biofilms from an
intertidal mudflat (Baie des Veys, France). I is the irradiance perceived by the sample, FS
is the steady-state fluorescence and FM the maximum fluorescence measured at each ir-
radiance.

I 0 73 107 154 235 346 491 683 1131

FS 207 218 220 222 223 220 215 209 202
FM 301 289 288 283 271 255 239 223 205

Fig. 4. Profiles of the vertical distribution of chlorophyll a used in the theoretical simulation of the fluorescence correction with a linear profile (1), a profile with a peak of chl a at
−2mm from the surface (2), and a profile with an established MPB biofilm at the surface (3).

J. Morelle et al. Journal of Experimental Marine Biology and Ecology 503 (2018) 136–146

141



typical saturation effect in response to excessive light by following a
sigmoidal pattern (Fig. 5).

Regarding photosynthetic efficiency (α; μmol electrons m−2 s−1

(μmol photons m−2 s−1)−1), the highest correction was estimated for a
chl a biomass peak 2mm under the sediment surface (profile 2) and for
both k⁎d(sed): 39.04% in sand (scenario 2; k⁎d(sed) = 1mm−1) and 53.11%
in mud (scenario 5; k⁎d(sed)= 4mm−1). The lowest correction of α was
estimated for an established MPB biofilm (profile 3), which colonized
the top 1000 μm layer with a steep chl a gradient (scenario 3 in the sand
with 19.09% and scenario 6 in the mud with 39.13%). A significant
correction for α was then observed with a mean corrected value that
was 38.98± 10.86% higher than the raw value. Corrected α values
were always higher than measured values (Table 4), thereby confirming
underestimation of photosynthetic efficiency in the absence of correc-
tion. Considering k⁎d(sed) was very important for the correction of α
which showed corrected values from 13.90 to 20.05% higher in the
mud than in the sand (Table 5).

Regarding the maximum relative electron transport rate (rETRmax;
μmol electrons m−2 s−1), the smallest correction (Table 4; 12.23%) was
observed for the sandy environment with an established biofilm (sce-
nario 3). The highest correction (39.11%) for a muddy environment
was associated with a profile with a biomass peak at the subsurface
(scenario 5). Although the two factors (chl a profile and k⁎d(sed)) played a

significant role in estimating the rETRmax, the fluorescence correction
for this parameter was more sensitive to the vertical pattern of chl a
than to the k⁎d(sed) effect. In our simulation, the variation of k⁎d(sed) led to
a correction percentage as a function of the k⁎d(sed) considered, which
differed by from −1.25 to 3.42% (Table 5).

Regarding the light saturation coefficient (Ik;
μmol photons m−2 s−1), the correction percentage was lower after than
before correction with a mean correction of −9.37±5.50%. In con-
trast to other photosynthetic parameters, this result highlights under-
estimation of the light saturation coefficient in the absence of correc-
tion. The highest correction (−17.79%) was recorded in muddy
sediment with an established MPB biofilm (profile 6; Table 4). The
lowest (−2.41%) was recorded in sandy sediment with a biomass
profile that culminated at the subsurface (profile 2; Table 4). In our
simulation, the variation in k⁎d(sed) led to a correction percentage as a
function of the k⁎d(sed) considered, which differed by from −6.73 to
−12.03% (Table 5).

In all the scenarios, apparent photoinhibition (at saturating irra-
diances) was reduced to some extent, and sometimes completely (Fig. 5;
scenario 5). In the first part of the rETR/I curves
(<200 μmol hν·m−2·s−1), the six simulations (either with or without
correction) were very similar and the differences increased most with
increasing irradiance values.

The correction tool made it possible to estimate the differences in
terms of fluorescence of the different depth layers with the same surface
irradiance. We chose to show the different rETR/I curves as a function
of surface incident irradiance, rather than of the light actually received
in deep layers, because our objective here is to apply the correction and
to readjust the photosynthetic parameters for subsequent assessment of
primary production. For the same incident light at the surface, the
corrected values of photosynthetic parameters consider the fluores-
cence emitted by the cells in depth, at a higher level than the fluores-
cence received by the PAM optic fiber (Fig. 6). Indeed, with the same
irradiance on the surface, each layer will receive a different attenuated
irradiance and the fluorescence produced will also differ. This step is
illustrated (Fig. 6) on the reference curve with an intermediate value of
k⁎d(sed) = 2mm−1 and with a typical structured MPB biofilm, which is

Table 3
Characterization of the six different scenarios used in the exercises to check the sensitivity
of the correction model. With potential minimum (1mm−1) and maximum (4mm−1)
values for the sediment specific attenuation coefficient (k⁎d(sed)) and three typical profiles
of chl a content (Fig. 4).

Scenario Value of k⁎d(sed) Typical chl a profile

1 1 Homogeneous (Fig. 4-1)
2 4 Homogeneous
3 1 Subsurface peak (Fig. 4-2)
4 4 Subsurface peak
5 1 Established MPB biofilm (Fig. 4-3)
6 4 Established MPB biofilm

Fig. 5. Comparison of the general effects of correction on the light-response curves of rETR (circle; μmol electrons m−2 s−1) and NPQ (square; fluorescence yield) curves in the 6
scenarios. The 6 scenarios were designed to compare the effect of the type of sediment (scenarios 1, 2, and 3 with sand (kd= 1mm−1), and scenarios 4, 5, and 6 with mud
(kd=4mm−1)) and the type of vertical profile of chl a biomass with a homogeneous profile (scenarios 1 & 4), a vertical profile with chl a peaking at subsurface layers (scenarios 2 & 5)
and a constituted MPB biofilm peaking at the surface (scenarios 3 & 6). The curves are plotted to show the difference before (empty symbols) and after (lack dots) correction by the light-
fluorescence attenuation model.
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the situation that most resembles those encountered in tidal flats
(Forster and Kromkamp, 2004; Jesus et al., 2006). In response to the
surface incident light, fluorescence was produced from the surface

down to the base of the photic layer of sediments (4mm in our simu-
lations, where tests were carried out down to 2 cm). As expected, be-
cause the received irradiance decreases with depth, the layer with the
highest photosynthetic efficiency (α=0.12; Table 6) was the surface
layer (0–200 μm) and this parameter decreased with depth to zero at
4mm. A dramatic decrease in this parameter occurred after a distance
of 1mm (α=0.002) from the sediment surface. A significant increase
in Iopt also occurred with increasing depth (Table 6). This parameter
was minimal in the top surficial layer (312.51 μmol photons m−2 s−1)
and increased with depth, illustrating the progressive disappearance of
photoinhibition that was observed only in the two top 200 μm sections,
and to a lesser extent in the second layer. In deep layers (>0.6mm), Iopt
was higher than the maximum light tested (1200 μmol pho-
tons m−2 s−1) and although all fitted curves were well adjusted
(R2> 0.98), the parameter cannot be estimated accurately. The rE-
TRmax was also affected by the attenuation of light in the top layers and
decreased with depth. An increase in Ik was also observed with in-
creasing depth in response to the decrease in rETRmax and α. In pro-
portion to the light received at each position, the non-photochemical
quenching (NPQ) followed the same tendency as the photosynthetic
efficiency, with a gradual decrease from the upper layer to a depth of
4mm, where the NPQ values reached minimum.

4. Discussion

Forster and Kromkamp (2004) stated that variable fluorescence
measurements for quantifying rETR/I curves to estimate primary pro-
duction rates in microphytobenthic biofilms from tidal flats are reliable
when care is taken to consider the fine-scale of the depth distribution of
microalgae. The fluorescence method is advantageous for estimating
the rates of photosynthesis for intact biofilms in a vertical structure of
natural sediment and because it provides an opportunity to multiply
measurements to explore frequent temporal and spatial variability in
response to environmental and biological dynamics. Perkins et al.
(2011) reviewed the difficulties involved in interpreting fluorescence
yields in biofilms in which the cells are capable of rapid and sometimes
deep migratory rhythms (Frankenbach and Serôdio, 2017). Indeed,
light has clearly been established as the main stimulus that micro-
phytobenthic cells can handle through behavioral responses (migra-
tion) and physiological strategies involving NPQ induction (Mitbavkar
and Anil, 2004; Perkins et al., 2011; Laviale et al., 2016). In this work,
we focused on their dependence on light attenuation to decipher the
factors responsible for changes in the light attenuation coefficient (kd)
and the implication of this coefficient for the estimation of photo-
synthetic parameters.

Our results confirm that the chl a profile that can differ in many
ways at depth (homogeneous or established MPB biofilm, peak biomass
production just below the surface, for instance) plays a key role in
mitigating light attenuation with depth and therefore correction of the
rETR/I curves. Indeed, we showed that, depending on the profile con-
sidered, uncorrected underestimation ranged between 19.09 and

Table 4
Values of the photosynthetic parameters extracted using the Eilers and Peeters (1988) fit with photosynthetic efficiency (α), relative maximum electron transport rate (rETRmax) and
optimal light for photosynthesis (Iopt; μmol photons m−2 s−1) before and after correction. Variation coefficients (δ in %) of each parameter are given to enable evaluation of the
difference before and after correction and their average values (±SD).

Before correction After correction

Scenarios α rETRmax Ik α δα rETRmax δrETRmax Ik δIk

1 0.20 49.85 250.52 0.27 34.79 63.35 27.08 236.17 −5.73
2 0.28 39.04 67.64 35.69 244.48 −2.41
3 0.24 19.09 55.95 12.23 236.08 −5.76
4 0.30 48.69 62.72 25.82 211.99 −15.38
5 0.30 53.11 69.35 39.11 227.62 −9.14
6 0.28 39.13 57.02 14.39 205.96 −17.79
Mean±SD 38.98± 10.86 25.72± 9.92 −9.37± 5.50

Table 5
Percentage difference between the corrected values in sand (kd= 1 mm−1) and the
corrected values in mud (kd= 4 mm−1). The percentages were calculated by subtracting
the variation coefficient in sand (δ in %) from the variation coefficient in mud (Table 4).

Typical chl a profile Scenarios Differences between kd= 1 and kd= 4 mm−1

α rETRmax Ik

Homogeneous
(Fig. 2-1)

1 & 4 +13.90 −1.25 −9.66

Subsurface peak
(Fig. 2-2)

2 & 5 +14.06 +3.42 −6.73

Established biofilm
(Fig. 2-3)

3 & 6 +20.05 +2.16 −12.03

Fig. 6. Fine scale vertical pattern of light curves of rETR curves for an established biofilm
and a moderate attenuation coefficient (k⁎d(sed) = 2mm−1). Values of rETR (relative units)
are plotted versus irradiance (μmol photons m−2 s−1) at different depth intervals, from 0
to 0.2 mm to 2.0–4.0mm (see legend).

Table 6
Values of the photosynthetic parameters extracted using the Eilers and Peeters (1988) fit
with photosynthetic efficiency (α), relative maximum electron transport rate (rETRmax)
and the optimal light for photosynthesis (Iopt; μmol photons m−2 s−1) after application of
our corrective model at each depth interval (mm).

Depth
interval
(mm)

0.0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1.0 1.0–2.0 2.0–4.0

α 0.117 0.072 0.043 0.027 0.017 0.002 0.000
rETRmax 22.11 20.55 23.63 17.93 11.21 1.52 0.02
Iopt 312.51 639.87 2142.36 2775.17 2239.77 2278.58 2181.73
Ik 188.97 285.42 549.53 664.07 659.41 760.00 –
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53.11% for α, and between 12.23 and 39.11% on average for rETRmax,
which is in line with Serôdio's (2004) claim and was also confirmed by
Forster and Kromkamp (2004). The situation with maximum chl a in
the subsurface layers (profile 2 in the present study) was the most
subject to a high bias, while the lowest correction values were always
recorded for a profile with an established MPB biofilm (profile 3 in the
present study). A homogeneous profile always has intermediary values.
In addition to reaffirming the importance of correcting the initially
measured data, which was confirmed by our high minimum correction
percentages, this work reinforces the importance of taking variations in
chl a distribution with depth into account. Our results confirm the re-
sults of other works (Kühl and Jørgensen, 1992; Forster and Kromkamp,
2004; Serôdio, 2004; Forster et al., 2006; Jesus et al., 2006) demon-
strating that measuring the vertical profile of chl a is essential because
it is one of the main variables responsible for vertical stratification of
primary production rates. Although the refined vertical profile may be
difficult to measure in routine surveys, we recommend systematically
coupling measurements of fluorescence data with the profile of chl a
concentration in the photic layer, using, for instance, the “crème-
brulée” technique (Laviale et al., 2015) or cryolanding techniques (De
Brouwer and Stal, 2001; Kelly et al., 2001). The “crême brulée” tech-
nique was developed to measure the chl a concentration in the
0–200 μm layer. Combined with the value of 0–1 cm chl a concentra-
tion, it should be possible to imagine the shape of a chl a concentration
profile, even if the vertical resolution is minimum in such case.

Apart from the importance of chlorophyll distribution in correcting
fluorescence measurements – as already demonstrated - this work
shows that it is also important to take the variability in sediment
structure into account when estimating a light attenuation coefficient.
Indeed, we have shown that, depending on the specific attenuation
coefficient of the sediment particles (k⁎d(sed)= 1mm−1 in sand and
4mm−1 in mud), without correction, underestimation of the same chl a
profile can range from −1.25 to 3.42% for rETRmax and from 13.90 to
20.05% for α. Thus, with the exception of the rETRmax in a sandy en-
vironment with a homogeneous profile, the corrections were always
higher in a muddy environment. These results confirm the significant
role played by k⁎d(sed) variability in light attenuation with depth and
underline the error that can be made by using a constant value of this
parameter in the calculation of kd (Eq. (1)). Indeed, intertidal ecosys-
tems are often characterized by heterogeneities and mixed sand and
mud sediments (Orvain et al., 2012; Ubertini et al., 2012) and the
variation in k⁎d(sed) can rapidly change with a change in the sand-mud
mixture (Kühl and Jørgensen, 1994). Even though the structure and the
distribution of chlorophyll in the sediment with depth are hypothesized
to be correlated (Jesus et al., 2006), the correction cannot be applied
simply by evaluating the concentration of chl a in the upper layers and
generalization should not only be based on the type of sediment. Se-
diment size should also be quantified and linked with k⁎d(sed) to apply
more robust corrections of light penetration and to avoid systematic
underestimation, especially in muddy environments where the correc-
tion will be greater. The main objective of this paper is to propose an
automatic correction tool for readers to apply rapid calculations on
large data sets (see e-document in Excel; a Matlab version can be also
provided on request).

The present results have several implications for the interpretation
of microphytobenthic photosynthetic response to light variability.
Beyond confirming that the photosynthetic parameters are under-
estimated (by up to 50% for α and 40% for rETRmax), our study un-
derlines the role played by the nature of the sediment. In accordance
with previous studies (Forster and Kromkamp, 2004), corrected rETR/I
curves showed a true ecophysiological response with fewer photo-
inhibition mechanisms than apparent with raw fluorescence data. The
decrease in rETR under high light may be due to fast-reversed down-
regulation (xanthophyll cycle). Photosystem II regulations and xan-
thophyll cycle are the main physiological mechanisms involved in the
photoprotection of epipelic benthic diatoms subjected to excessive

saturating irradiance (Cartaxana et al., 2013). This study reveals that
PAM measurements, when not corrected by light attenuation with
depth, can cause artificial reduction of rETR at saturating light, which is
generally interpreted as evidence for photoinhibition. Indeed, this re-
duction no longer appears after correction of the raw fluorescence data.
This result reinforces the role played by migratory behavior by avoiding
excessive light saturation and the remarkable adaptation fitness of these
diatoms to the sediment matrix environment (Barnett et al., 2015).
Physiological photoprotection is a complementary process that can be
deployed by benthic diatoms to better withstand high light levels. Mi-
gration, is however, the most efficient process and probably the best
strategy to avoid excessive energy costs such as activation of the xan-
thophyll cycle. Cartaxana et al. (2011) showed the prevalence of the use
of migration of epipelic diatoms inhabiting muddy sediments to protect
themselves against high light, while only physiological protection
strategies were observed in sandy sediments. Our study emphasizes
differences in light penetration between mud and sand and shows that
the proposed correction can be used to readjust the photosynthetic
parameters in both environments because distortion was observed,
whatever the granulometry.

Our study improves the applicability of fundamental scientific
findings made in recent decades for accurate accounting of irradiance.
This is particularly true when the role of light in photobiological pro-
cesses in sediments is being investigated. The correction proposed in
this study as a function of chl a depth profiling and granulometry takes
the most relevant factors affecting light penetration into account, but
further refinement of the model is possible for future studies. For in-
stance, Perkins et al. (2011) reported that PAM is intrusive in terms of
rapidly exposing cells to darkness in the first few minutes by exposing
cells to drastic exposure to irradiance, which could artificially trigger
migration due to photoinhibition or photo-kinesis. Frankenbach and
Serôdio (2017) used a PAM fluorescence survey to demonstrate the
chronobiological migration of MPB and the impact on photosynthetic
parameters. The measurement of F0 (fluorescence in darkness) could
thus be surveyed in parallel to better detect the potential artificial
migration provoked by exposure to darkness. Similarly, since biofilms
are very motile and patchy, a subsample core taken in nearby area
might not be sufficiently precise for chl a profiling across depths in the
actual area sampled with PAM. We recommend taking samples very
close to the experimental area with the PAM. Estimating the attenua-
tion of light caused by sediment composition could also be improved by
measurements of light attenuation in a range of sand-mud mixture and
various mineralogical compositions. Similarly, the distance crossed by
the photons in air can be affected by a specific attenuation before
reaching the sediment surface. This is very important as the distance
between the optic fiber and the air-sediment interface must be con-
trolled, but also the angle of actinic light at the sediment surface which
is able of interact (Perkins et al., 2011). This specific issue could con-
tribute to the difficulties involved in using the imaging-PAM fluo-
rometer, since 3D micro-topography can modify the 3D field of dis-
tances crossed by photons in the air. Further numerical equations could
thus be developed and added to the correction tool to account for the
light attenuation in the air, if micro-topography is measured in parallel.
The role of chl a depth profiling is the main process controlling the light
attenuation in the sediment euphotic layer. However, the presence of
breakdown products (e.g. photo-oxidized chl a after grazing by deposit-
feeders) can also lead to accumulation of phaeopigments that may be
also involved in kd changes. Depending on the composition of the multi-
species assemblage of the biofilm, the presence of accessory pigments
(carotenoids, phycobiliproteins) could also be taken into account by
using a field spectro-radiometer sensor or extraction of the pigments,
then analyzed with HPLC (Jesus et al., 2006). Even if these substances
are generally considered as transparent (Decho, 1990), the amount of
EPS produced by diatoms during MPB migration could also induce
specific light attenuation. All these factors could affect the estimation of
kd before correction.
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