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Abstract

This study is the first field work that examines the use of Rapid Light Curves (RLCs) for in
situ assessment of microphytobenthos (MPB) photosynthetic activity. The advantages offered
by RLC methodology respond primarily to in situ constraints concerning MPB ecology and
behaviour. In particular, the rapidity of RLCs allows for a high number of replicates during
emersion, while preventing disturbance of the measurement due to MPB cell migration. It is
necessary to maintain this feature in order to thoroughly assess the large spatial and temporal
variability of in situ MPB biomass and photosynthetic activity. Consequently, working with
intertidal mudflat MPB biofilms dominated by epipelic (motile) species, we investigated the
effect of 10-s and 30-s irradiance steps: two durations commonly used for building RLCs. We
compared the performance of 10-s and 30-s RLCs in determining the in situ MPB
photosynthetic activity without dark acclimation and in high irradiances (summer). Although
a similar trend of MPB cell photoacclimation was observed using the two procedures, there
were differences, revealed by lower values of a-10 s and rETRmax-30 s compared with a-30 s
and rETRmax-10 s on some experimental days (49 and 34%, respectively). Discrepancies
could mainly be explained by the unbalanced Qa redox state and the occurrence of
photoprotective non-photochemical quenching (NPQ) present prior to RLC, which impacted
the 10-s and 30-s RLCs differently. The initial slope (o) was strongly impacted by NPQ
developed prior to RLCs. A correction performed a posteriori and based on the use of the
maximum Fy,” obtained during the course of RLCs was not sufficient to remove the bias of
pre-existing NPQ on the determination of a completely. Consequently, a good, direct and
simultaneous determination of rETRmax and o was virtually impossible in situ even when
using RLCs. In contrast to published results from laboratory studies, the shorter irradiance
steps (10 s) offers the better (i.e. the most reasonable) compromise for assessing MPB

maximum photosynthetic capacity in situ using RLC.
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1. Introduction

In shallow estuarine ecosystems, the benthic community of microalgae and
cyanobacteria, designated as microphytobenthos (MPB), is a basic component that plays a
major role in primary production, nutrient recycling and support of the trophic web
(Underwood and Kromkamp, 1999; Lefebvre et al., 2009). The activity of MPB is highly
dynamic and is characterized by large spatial and temporal variability (Herlory et al., 2004;
Haubois et al., 2005; Jesus et al., 2005). In order to improve our understanding of the
underlying processes driving MPB ecology (Underwood et al., 2000), one of the main
challenges for evaluating in situ MPB features, such as biomass and photosynthetic activity, is
to find a way to cope simultaneously with these variations, which occur at very different
scales.

Pulse Amplitude Modulation (PAM) chlorophyll a fluorescence has been increasingly
applied to MPB in situ to perform such measurements (Perkins et al., 2010a). A special
fluorescence methodology, the rapid light response curves (RLCs), has recently been applied
to MPB biofilms to assess their photosynthetic activity (e.g. Serodio et al., 2005a). RLCs use
short (< 30 s) steps of increasing irradiance to determine the relative electron transport rate
(rETR) according to irradiance (E) (i.e. rETR/E curves), and to estimate photosynthetic
parameters that provide information on the photosynthetic activity, the photoacclimation state
of MPB and their driven processes (Serodio et al., 2005a; Perkins et al., 2006; Herlory et al.,
2007; Perkins et al., 2010b). The protocols sustaining RLCs proved to be particularly
appropriate for MPB over traditional steady state light curves (SSLCs), for which a steady-
state is usually reached at each irradiance step (Perkins et al., 2006; Perkins et al., 2010a).
RLCs were primarily used on MPB to limit the effect of upward and downward cell
migrations in the sediment during the time course of SSLC development (Perkins et al.,

2010a). Later, RLCs became an essential tool to provide a view of the current status of the



photosynthetic apparatus, almost independently of immediate variability resulting from cell
migration and irradiance changes, two points of special importance in MPB in situ
investigations (Perkins et al., 2010a). RLCs have been successfully used to study the
variability of MPB photosynthetic activity as a function of environmental cues and species
assemblage (Serodio et al., 2005a; Underwood et al., 2005). This variability reflects the
photoacclimation state (long-term light history) (Perkins et al., 2006) coupled with migration
strategy (Mouget et al., 2008; Jesus et al., 2009; Perkins et al., 2010b) and the dynamics of
fast photosynthesis regulation via dissipation of excess energy by the non-photochemical
guenching (NPQ) mechanism (photoprotection and short-term light history) (Serodio et al.,
2005b; Serodio et al., 2008; Van Leeuwe et al., 2008).

Several methodological studies have recently been conducted to improve RLC
protocols used on MPB biofilms or benthic diatoms. These include (1) the comparison with
SSLCs in the laboratory (Perkins et al., 2006; Serodio et al., 2006a; Herlory et al., 2007), (2)
the assessment of light history and NPQ effects on the RLC pattern (Perkins et al., 2006;
Serodio et al., 2008), (3) the effect of changing the duration and/or the up- or down-increment
of irradiance steps on the determination of photosynthetic parameters (Serodio et al., 2005a;
Perkins et al., 2006). Perkins et al. (2006) identified that both the light history of the cells
prior to RLC and the light dose accumulation during RLC strongly influence the kinetics of
fluorescence emission. They concluded that RLCs with 30 s irradiance steps were better
suited for dark-acclimated samples than were RLCs with 10-s irradiance steps. Moreover,
dark acclimation before RLCs may induce cell migration in situ (Jesus et al., 2006).
According to Perkins et al. (2010a) dark acclimation could also modify the photoacclimation
state of the cells and should be avoided in order to standardise methodologies. Serodio et al.
(2005a) showed that when the cells were light-acclimated (constant irradiance of 150 pmol

photons m? s™), there was no difference in the initial slope of the RLC (o) whatever the



irradiance step (10 s, 20 s or 40 s) and a small increase of the maximum relative electron
transport rate (rETRmax) was only observed when using 40 s. However, these studies were
conducted ex situ with non-natural irradiances on either sediment cores containing active
MPB (Serodio et al., 2005a), reconstituted biofilm (Herlory et al., 2007) or algal suspensions
(Perkins et al., 2006).

The aim of our work was to make in situ comparisons between different durations of
RLC irradiance steps on mudflat MPB biofilms and to weigh up their impact on the
subsequent determination of photosynthetic parameters. The rationale behind this study is that
in situ conditions of tide, irradiance and temperature, which are difficult to reproduce in the
laboratory, affect the recent light history of MPB cells and their photoacclimation state, thus
putting into question the validity of conclusions on irradiance steps of RLCs from studies
performed ex situ (Perkins et al. 2006). For the purpose of the present study, 10-s and 30-s
RLCs were performed on light-acclimated biofilms in the field. Irradiance steps of 10 s and
30 s are the most commonly used durations for RLCs in MPB in situ studies (e.g.Mouget et
al., 2008; Serodio et al., 2008; Perkins et al., 2010b). The experiments were run within 1 hour
before the end of the diurnal emersion period on several consecutive days in summer to

provide changes in irradiance, light dose and light history of MPB cells.

2. Material & Methods
2.1. Study site and measurement of environmental conditions

The study was completed on the Brouage intertidal mudflat located in Marennes-
Oléron bay on the French Atlantic coast (45°54°50°°N, 01°05°25°*W) during six consecutive
days in 2008 between the 13 and the 18 July. Sediment type is fine mud with a mean grain
size < 10 um (Haubois et al., 2005). In July, the MPB at the site is usually composed of

around a dozen species of epipelic diatoms, largely dominated by three species: Navicula



phyllepta (about 45% of the relative abundance), Amphora coffeaeformis (20%) and N.
digitoradiata (10%) (Haubois et al., 2005). Irradiance and temperature and were measured
and recorded every 5 min using a Li-1000 data recorder coupled to a Li-192 quantum sensor
and a temperature probe (LI-COR, Lincoln, USA). Environmental conditions are presented in
Table 1. RLCs were performed at the end of the diurnal emersion period (1 hour before

immersion) so that the time was different from one day to another (semi-diurnal tide).

2.2. Rapid light response curves (RLCs)

Variable chlorophyll a fluorescence was measured using a Pulse Amplitude
Modulation (PAM) fluorimeter including a PAM-control unit and a WATER-EDF-universal
emitter-detector unit (Walz, Effeltrich, Germany). This apparatus is equipped with a
modulated blue light (LEDs with maximum emission at 450 nm), which serves as the same
light source for the measuring beam, and the actinic and saturating lights. Irradiances were
calibrated against a quantum sensor (LI-COR Li 190) at a distance of 2 mm. The PAM fiber
optic probe was placed carefully at 2 mm from the MPB biofilms, using a 4 cm diameter ring
to isolate the sample from natural irradiance. It was maintained during the RLCs using a
burette holder fixed on a base buried in the first 20 cm of sediment. Replicates were chosen
randomly within an area of one square metre. An estimation of the effective quantum yield of
PSII (AF/Fn,’) was measured few seconds after positioning the probe (Serodio et al., 2008), by
applying a saturating flash of 800 ms at around 3800 pumol photons m? s™. RLCs were then
constructed by exposing the MPB biofilms to eight steps of increasing irradiance without
prior dark acclimation (around 70, 100, 150, 220, 310, 430, 710, 1050 pmol photons m™ s™).
The duration of the irradiance steps was 10 s or 30 s. Each experimental day, three replicates
of each treatment were randomly performed in turn. The relative Electron Transport Rate

(rETR) was calculated at each level of irradiance, as the product of the effective quantum



yield of PSII and the delivered irradiance: rETR=AF/F,” x E. The maximum quantum
efficiency (Fs/Fms) was conveniently estimated after 5 min dark acclimation at the end of the
10-s RLCs, to balance for the overall elapsed time of each RLC, longer for 30-s than for 10-s
irradiance steps. For each experimental day, the whole process, which included six RLCs plus
three 5 min dark acclimation periods and corresponding manipulation lasted between 32 and
50 min. Kinetics of NPQ development or relaxation during the RLC were calculated as
suggested by Serodio et al. (2005b): NPQ= (F’m-Fm’)/Fm’ where Fr’m is the maximum F’
value higher than the Fy, that is measured during the RLCs. In order to compare the kinetics of
NPQ during both 10-s and 30-s RLCs, values were standardized between 0 and 1 by

normalizing to F,, ., (hereafter named ‘relative NPQ’, INPQ).

2.3. Statistics

The light response of rETR (rETR/E) curves were constructed using the model of
Eilers and Peeters (1988). This model allowed us to estimate the maximum rETR (rETRmax),
which is the asymptote of the curve; the maximum light use efficiency (o), which is the slope
at the beginning of the curve; and the light saturation coefficient (Ek), calculated as (rETRmax
/ o). Curve fitting was achieved using the downhill simplex method of the Nelder-Mead
model, and standard deviation of parameters was estimated by an asymptotic method. All
fittings were tested by analysis of variance (P < 0.001), residues being tested for normality
and homogeneity of variance, and parameter significance by Student’s t-test (P < 0.05).
Comparisons of RLCs and photosynthetic parameters were performed using the method of
Ratkowski (1983) for non-linear models. All the curve fitting processes and associated
statistics were coded under MATLAB R2008b.

The rNPQ light response curves (rNPQ/E curves) were constructed using a

combination of two exponential models varying between 0 and 1:
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where a and c are the rates of rNPQ decrease and increase, respectively, and b and d are the
half saturation parameters of the decreasing and increasing part of the curve, respectively.
Curve fitting was also done using the downhill simplex method of the Nelder-Mead model

and comparisons of rNPQ/E curves and parameters were performed here as well (see above).

3. Results
3.1. Irradiance, effective quantum yield of PSII and maximum quantum efficiency of MPB
biofilm

The semi-diurnal tidal regime that the mudflat was exposed to during the period of
study (from the 13 to 18 July 2009) provided different conditions for both irradiance and the
cumulative light dose (Table 1). The duration of the diurnal emersion was around 4.5 h. The
mean irradiance increased with consecutive days, with the sampling time gradually getting
closer to noon. Consequently, the temperature at the sub-surface of the sediment increased
from 15°C to more than 23°C. The cumulative light dose also increased during the first three
days and then stabilized. Irradiance just prior to RLCs was high, varying from 1447 to 1886
umol photons m? s over the six-day survey period and the mean irradiance during the whole
diurnal emersion varied from 661 to 1584 pmol photons m? s™. The effective quantum yield
of PSII (AF/Fy’) drastically decreased with increasing irradiance. The maximum quantum
efficiency (F,s/Fms) followed the same pattern during the first three days before stabilizing

around 0.45 during the second half of the monitoring.

3.2. Rapid light response curves (RLCs) and photosynthetic parameters



Significant differences were found between the rETR/E curves with either 10-s or 30-s
irradiance step (Ratkowski test for non linear models; P < 0.001), with the exception of 14
July (P > 0.069) (Fig. 1). For 13 and 18 July, the maximum relative electron transport rate
(rETRmax) was significantly lower for 30-s RLCs (Fig. 2A) while the maximum light use
efficiency (o) was no different. For 15, 16 and 17 July, o was significantly lower for 10-s
RLCs (Fig 2B), while there was no difference for rETRax Whatever the treatment. Only on
the first day (13 July) was a marked down-regulation observed in the rETR/E curve. For both
treatments, rETRmax increased with irradiance on the first three days and decreased during the
second half of the monitoring, as the irradiance reached a maximum (see Table 1). The
parameter o decreased by 60-65% with increasing irradiance and stabilized during the last

three days. There was no significant linear relationship between o and rETR.x Whatever the

treatment (P > 0.05). Ek followed the opposite pattern to a (Fig. 2C).

3.3. Photoprotective non-photochemical quenching, NPQ

The maximum NPQ (NPQmax) displayed by MPB during the course of each RLC was
significantly higher when the duration of the irradiance steps was 30 s compared with 10 s
(ANCOVA, P <0.05; Table 1). For both treatments, NPQmax decreased with increasing
irradiance prior to the RLCs (P < 0.001, n = 48, Fig. 3). In order to directly compare the
kinetics of NPQ development or relaxation during both 10-s and 30-s RLCs, we calculated the
relative NPQ (rNPQ) after normalization to the maximum Fn,’ (Fn,’m) displayed during each
RLC (see Fig. 3). The rNPQ displayed two different patterns and changed gradually from one
to another depending on whether the treatment was 10 s or 30 s (Fig. 3). On 13 July, the
development of the rNPQ followed a classical shape for both treatments i.e., a sigmoidal
increase in the development of NPQ with no relaxation phase for the lowest irradiance of the

RLCs (Lavaud et al., 2002b; Lavaud, 2007; Cruz and Serodio, 2008). The minimum rNPQ
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(rNPQmin) Was observed at the lowest and developed exponentially from about 250 pumol
photons m? s to reach a maximum (rNPQnmay) at the highest irradiance of the RLCs. No
relaxation occurred at the lowest irradiance of the RLCs. On 14 July, while the trend of rNPQ
development was the same for the 10 s treatment, even though it was faster than the previous
day, it was different for the 30 s-RLC following a U-shaped pattern as a function of
irradiance. Indeed, rNPQ was already developed prior to the RLC, it then relaxed to a
minimum up to 400 umol photons m™ s to develop once more, finally reaching a maximum
value at the highest irradiance. This pattern of difference between 10 s- and 30 s-RLCs is
inferred from the fact that Fy,,’, was not reached at the same irradiance step during the RLC
due to a different cumulative light dose resulting from 10-s or 30-s duration. During the
following days, the two treatments showed the same U-shaped pattern with NPQ relaxation in
the first part of the RLC higher than the NPQ development that occurred in the second part
(i.e. for higher irradiance). The irradiance at which rNPQmi, was observed increased with Ex
from a day to another (see Fig. 2C) until a plateau was reached. In contrast to 30-s RLC on
the 14 July and for both treatments on 13 July, rNPQmax Was observed at the lowest
irradiance whatever the treatment. Finally, the relaxation of rNPQ at the beginning of RLCs

increased with lower irradiances for the 30 s-RLCs.

4. Discussion

4.1. Physiological basis for the differences in photosynthetic parameters determined under
different RLC irradiance step durations

The Rapid Light Curve (RLC) methodology applied to microphytobenthos (MPB) is
based on a paradox: RLCs aim to determine the photoacclimation state of microalgal cells,

but they also generate a dynamic phase of regulation/acclimation during the RLC, due to the
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cumulative actinic light dose, which is function of the duration of the irradiance step
increments. On the one hand, short-term changes in regulation/acclimation states induced by
RLC methodology can be visualized, but on the other hand, they are by nature limited in
comparison with those occurring in steady state light curves (SSLCs). Although the general
trends of photoacclimation were similar whatever the duration of the irradiance step
increments (10 s or 30 s), duration clearly influenced the pattern of RLCs and the absolute
values of photosynthetic parameters extracted. The differences between the 10-s and 30-s
RLCs were observed throughout the six days of monitoring, independently of the light dose
the MPB was exposed to prior to the RLCs. According to Perkins et al. (2006), the light
history of the cells prior to RLC, which governs their photoacclimation capacity, and the
cumulative light dose during the RLC are key factors for explaining the discrepancy in the
determination of photosynthetic parameters when the duration of irradiance steps differs. The
cumulative light dose effect is based on two fast photo-chemical and photo-protective
processes: the reoxidation of Qa and the development of NPQ.

Perkins et al. (2006) proposed that the primary misleading source for the
determination of photosynthetic parameters of RLCs with 10-s light steps is the dynamic and
incomplete reoxidation of Qa from the irradiance increment n to n+1 and so on. It generates
the non steady-state accumulation of reduced electron acceptors down to the PSII during the
course of the RLC and this has a growing impact on the higher irradiance increments. It
ultimately leads to the underestimation of rETR .« and potentially a in the case of very slow
Qa reoxidation. This is especially true when the electron transfer between Qa and Qg is
slowed down because of environmental stresses (light or nutrient stress, herbicide exposure,
etc.) (Materna et al., 2009). This proposal was based on different studies performed on
benthic diatoms acclimated to low irradiance or darkness for various periods prior to RLC

measurements (Perkins et al., 2006; Cruz and Serodio, 2008). However, the differences in
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rETRmax determined after 10 s and 30 s (and also for longer durations) are lower and are even
nearly eliminated when the cells have been previously acclimated to higher continuous
irradiance (Serodio et al., 2005b; Perkins et al., 2006). We effectively did not observe any
significantly lower values of rETRmax for the 10-s RLCs compared to the 30-s RLCs in MPB
acclimated to high and variable irradiances in situ. This can be explained by a modification of
the stochiometry PSII : Cytochrome b6/f : PSI, leading to an increase in the number of
electron acceptors down to the PSII and a higher PSI cyclic electron activity, which would
accelerate the reoxidation of Qa (Kotakis et al., 2006). The second possibility could be an
increase in the extent of the PSII electron cycle. This mechanism deviates electrons from their
linear course down to Qg and decreases the probability of Qa over-reduction (Lavaud et al.,
2002a; Lavaud, 2007). These two features were recently reported in PSII mutants of diatoms
showing an impaired ETR (Materna et al., 2009), supporting the hypothesis it could also
occur in situ in natural MBP biofilm composed of benthic diatoms exposed to very high
irradiances and showing a rETR decrease (see Fig. 2A).

The cumulative light dose during the RLC itself can lead to the fast development of
photoprotective NPQ triggered by the build-up of the transthylakoid ApH and the xanthophyll
cycle (so-called gE) (Serodio et al., 2005b; Lavaud, 2007). NPQ can influence the pattern of
RLCs when the irradiance steps are equal to or longer than 30 s (Perkins et al., 2006). The
quenching of chlorophyll fluorescence generated by the NPQ mechanism disturbs the
acquisition of the effective quantum yield of PSII (AF/Fn,”) (Herlory et al., 2007) and the
subsequent calculation of rETR, leading to its underestimation (Perkins et al., 2006). This is
especially true for diatoms, which can develop large NPQ (Lavaud et al., 2002b; Lavaud,
2007; Serodio et al., 2008) as their potential increases with the irradiance (Schumann et al.,
2007; Cruz and Serodio, 2008). Such a situation was observed during the second half of our

monitoring, when the irradiance was the highest. NPQ was high, the acquisition of AF/Fy’
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was obviously disturbed as it was very low, while Fys/Fq5 remained stable (see Table 1) and
rETRmax Was ultimately lower for 30 s-RLCs (18" of July). rETRmax determined with 30 s-
RLCs was also underestimated when such conditions did not occur (the first day). In this case,
rETRmax Was reduced, probably because of the fluorescence quenching generated by excess
light photoinhibitory damage (so-called gl). The decrease of rETRy.x Was observed for both
10-s and 30-s increments, and was more accentuated for 30 s-RLCs because of the higher
cumulative light dose.

NPQ also strongly influences the determination of o (Serodio et al., 2006a; Cruz and
Serodio, 2008) by potentially generating its underestimation when the length of the RLC
irradiance steps is too short (i.e. 10 s compared to 30 s) (Perkins et al., 2006). This is crucial
when diatoms are exposed to excess irradiance resulting in a sustained NPQ, as during our
monitoring (apart from the first day); so that when the RLC starts, rNPQ is already at its
maximum. For an accurate determination of a, NPQ needs to be relaxed. In diatoms, the
relaxation of NPQ in the dark can last a long time because of the slow reversion of the
xanthophyll cycle operation (Lavaud et al., 2007; Perkins et al., 2010b). It is accelerated by
switching the cells to low irradiance (Serodio et al., 2005a; Goss et al., 2006). In our
conditions, NPQ relaxed during the first low irradiance steps of RLCs; the longer the
irradiance step, the faster the relaxation. Thus, NPQ relaxation was thus always faster for the
30 s-RLCs and o was systematically lower for the 10-s RLCs. Results differed on the last day
since NPQmax Was similar for both 10-s and 30-s increments and the NPQ relaxation at the
beginning of RLCs did not show significant difference. The very high irradiances observed on
the last day probably resulted in a preponderant behavioural photoacclimation strategy (i.e.
cell micro-cycling and downward migrations), in contrast to physiological photoacclimation
(i.e. NPQ) (Serodio et al., 2006b; Mouget et al., 2008; Perkins et al., 2010b). Downward cell

migration has been shown to be an essential behaviour that MPB cells use to cope with high
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and photoinhibitory irradiances during emersion (Mouget et al., 2008; Perkins et al., 2010b).
To our best knowledge, no studies have investigated the effect of MPB cell micro-migration

during RLCs on the determination of photosynthetic parameters. Indeed, only a few of them

were conducted on sediment containing migratory MPB (Serodio et al., 2005a; Herlory et al.
2007). Notably, Underwood et al. (2005) observed that specific diversity changes due to
migration could occur in the MPB community at high irradiances of the rETR/E curves when
using a 3 min irradiance step. Here, the longest RLCs lasted 4 min (8 steps of 30 s). In these
conditions, and although RLCs were primarily used to prevent MPB cell migration, it cannot
be totally ruled out. Cell migration could explain the differences observed between 10-s and
30-s treatments for the highest irradiances of the RLCs on 13 and 18 July. On 13 July
particularly, it is probable that early in the morning the MPB community was enriched in low
light-acclimated cells that were not able to cope with the 30-s step of highest irradiances.

They therefore possibly migrated down, which generated a decrease in rETR.

4.2. Comparison of RLCs with different duration of irradiance steps due to the constraints of
field work

In our study, the high irradiance that the MPB was exposed to leads to opposite effects
of the Qa redox state and extent of NPQ on the determination of photosynthetic parameters.
Additionally, the hierarchy of the impact of these two processes changed depending on the
duration of the irradiance step increments of RLCs (Fig. 4). In summary, for 10-s duration,
the unbalanced redox state of Qa from an irradiance step to another is the most influential in
diatoms acclimated to low irradiance (as generally found in laboratory conditions, Perkins et
al., 2006, Herlory et al., 2007). It is important to underline that, independently from any field
constraints for any sequential light curves (whatever the technique used: oxymetry, **C

incorporation or modulated fluorimetry), the same processes (redox changes at Qa and NPQ
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relaxation/development) happen and could also be considered, with the exception of their
dynamic phase. If RLCs are used to perform light curves, NPQ influence becomes significant
under high irradiance (as generally found in situ) because of its development prior to the
RLC, and of the balance between its relaxation during the first initial low irradiance steps, and
its development during the highest irradiance steps of the RLC. For 10-s RLCs, pre-existing
NPQ, present prior to the RLC is crucial, as it cannot be fully relaxed during the first
irradiance steps because they are too short. For 30-s RLCs, the most influential process is the
NPQ that develops during RLC as the relaxation of NPQ present prior to RLC and the
reoxidation of Qa occur. The influence of NPQ is accentuated by the acclimation of the
diatoms to higher light doses, as for in situ conditions (a noticeable effect is observed only
with 50-60 s treatment in laboratory conditions, Perkins et al., 2006; Herlory et al., 2007). In
these conditions, NPQ present prior to RLC is better relaxed because of the longer duration of
initial low irradiance steps, which ultimately leads to a better estimation of a for 30 s, in
contrast to 10-s increments. If the light dose is moderate (i.e., in winter/spring or on a cloudy
day) the balance between the effects of change in Qa redox state and NPQ
relaxation/development on the determination of rETRmax and o would be modified, but its
dynamics certainly depend on the photoacclimation state of the cells.

Two strategies could be proposed to remove these drawbacks inherent to RLC
methodology. From a purely technical point of view, an initial non-academic approach would
be to perform a first 10-s RLC, followed by a short (5 min) low irradiance or far-red exposure
(Jesus et al., 2006), then by a 10-s RLC including only the lowest irradiance. The first RLC
would provide a good estimation of rETRax, while the second would provide estimation of a
after relaxation of NPQ. Nevertheless, two major criticisms can be made to this
unconventional protocol. Its length, plus the low/far-red light period, would most probably

generate the downward migration of MPB, the RLC methodology is supposed to counteract.
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Additionally, it would reduce the possibility of performing a maximum of replicates during
the emersion period. As an alternative, we checked the possibility of improving the
determination of o both for 10-s and 30-s RLC a posteriori. In diatoms, low irradiance is a
more efficient way to relax NPQ than dark acclimation (Serodio et al., 2005a; Goss et al.,
2006). Using this characteristic, we hypothesize that F,’, values measured during RLCs after
the initial relaxation of NPQ were the closest to Fr,. This hypothesis is strengthened by the
fact that Fr,’ was usually reached for two consecutive light levels, in most cases for 30 s
RLCs (but for 18 July, Fig 3). We then replaced the lower values of Fp,” recorded for lower
values of irradiance by the value of F,’, in each RLC. The initial slope of the RLC was then
re-estimated. Values of the parameter o were improved by this approach, which allowed us to
partially counteract the impact of NPQ (Fig. 5). The parameter a increased by 43 to 169% and
by 37 to 74% for 10 s and 30 s, respectively. Moreover, this correction was neutral for RLCs
without a preliminary phase of NPQ relaxation (13 July, and 14 July for 10 s only). However,
this correction was not as efficient for 10 s as for 30 s and most probably the influence of pre-
existing NPQ present prior to the RLC was not fully removed for 30-s RLCs. For this reason,
regarding irradiance step duration for RLC methodology, although a shorter irradiance step is
not the ultimate objective for MPB studies in situ, it is the best compromise, especially when

field constraints and MPB behaviour are taken into account.
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Figure captions

Fig. 1. Rapid light response curves (RLCs) of the relative electron transport rate (rETR) of in
situ microphytobenthos (MPB) biofilm of the Brouage mudflat between 13 and 18 July 2008.
RLCs were run with either 10-s or 30-s light step increments. The curves were constructed
using the Eilers and Peeters (1988) model. Significant differences between the treatments
were determined using the method of Ratkowski (1983) for non linear models (P values are

indicated). Values are mean £ SD of three independent measurements

Fig. 2. Photosynthetic parameters extracted from rETR/E curves (Fig. 1). Significant
differences between the treatments were determined using the method of Ratkowski (1983)

for non linear model (n.s. non significant * P<0.05 **P<0.01 ***P<0.001)

Fig. 3. Relative non-photochemical quenching of fluorescence (rNPQ) developed during each
RLC. On some occasions, symbols of the two treatments are surimposed. NPQ values were
normalized to the maximum NPQ observed (see Fig. 3). Values are mean + SD of three
independent measurements. The curves were constructed using the equation given in the
Material and Methods, statistics section. Significant differences between the treatments were
determined using the method of Ratkowski (1983) for non linear models (P values are

indicated)

Fig. 4. Diagram of the influence of the duration of RLC irradiance steps, the light acclimation
prior to RLC and the photo-chemical/-protective processes (Qa redox state and NPQ) on the
determination of photosynthetic parameters (rETRmax, @ and Ex) of a motile diatom-
dominated biofilm. Data summarized from Perkins et al. (2006) and this study. See the text

for further details
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Fig. 5. Re-estimation of a (maximum light use efficiency) using a posteriori corrections of
Fm’ signals of Rapid Light Curves (RLCs; see Material and Methods section). Grey symbols

correspond to initial values of a before the correction (Fig. 2 C).
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Table 1

Temperature, light environment and photosynthetic capacity of the microphytobenthos biofilm on the Brouage mudflat, Marennes-Oléron bay,
July 2009. The duration of the emersion was around 4.5 h (semi-diurnal tide). Measurement time indicates the beginning and the end of the six
RLCs measurements (three replicates of 10-s and 30-s light-step RLCs randomly displayed) plus the three 5 min dark acclimations (for more
details see materials and methods section). RLCs were performed at the end of the diurnal emersion period (1 hour before the immersion) so that

the time was different from a day to another. Values are mean = SD of three independent measurements.

Date  Measurement T Light dose Mean irradiance Irradiance just prior to  AF/F,’ Fus/Fms NPQmax NPQmax
(July) time (h (°C) (mol photons m?)  during the 4.5 h each RLC (10s) (30s)
GMT) emersion (umol photons m?s™)
(umol photons m?s™)

13 07:14/07:55 15.3+0.1 8.1 661.1 (0-1512) 1447.2 (1360-1512) 0.58+0.04 0.63+0.01 0.45+0.11* 1.60+0.18*
14 08:03/08:53 18.3+0.4 15.8 1009.4 (0-1597) 1548.2 (1516-1575) 046+0.10 0.53+0.05 0.44+0.07* 0.53+0.06*
15 09:28/10:00 21.6+0.1 22.1 1361.0 (647-1745) 1703.6 (1674-1735) 0.31+0.04 049+0.04 0.19+0.06 0.52+0.25
16 10:08/10:58 23.5+0.2 25.6 1499.7 (977-1850) 1807.6 (1760-1838) 0.14+0.08 043+0.06 0.15+0.07 0.41+0.06
17 10:59/11:37  21.6+0.2 25.2 1457.2 (636-1885) 1797.2 (1552-1881) 0.33+0.24 043+0.02 0.18+0.01 0.71+0.07
18 11:40/12:17  22.2+0.1 28.4 1583.8 (443-1888) 1886.5 (1884-1886) 0.21+0.06 047+x0.04 0.13x0.02 0.29+0.18

T, temperature; PPFD, AF/Fy’, effective quantum yield of PSII; Fys/Frns, maximum quantum efficiency measured after 5 min dark acclimation;
RLC, rapid light curve; NPQmax, maximum non-photochemical quenching of chlorophyll fluorescence (NPQnax) developed (with an asterix) or

relaxed during each RLC.
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Fig 2 Lefebvre et al.
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Figure 4
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Fig 5 Lefebvre et al
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