
1. Introduction
Benthic microalgae, or microphytobenthos (MPB), play a key role in the land-ocean continuum. MPB pri-
mary production (PP) sustains the high biological productivity of estuarine and shallow coastal areas, in-
cluding intertidal mudflats (Hope et al., 2019; Pinckney, 2018). MPB PP largely supports benthic and pe-
lagic secondary production in shallow water systems of the land-ocean continuum (Daehnick et al., 1992; 
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the surficial sediment sustain the high biological production of intertidal mudflats. MPB achieve 
photosynthesis by aggregating into a dense biofilm at the mud surface during daytime low tides. As MPB 
can be exposed to short-term variations and high light levels, they change their short-term physiology 
and position within the sediment to protect themselves. However, such strategies can be outbalanced 
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photoinhibition on MPB primary production (PP) over a large and very productive mudflat (NW France). 
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decreases by 20% over the whole mudflat. The model suggests MPB PP is sensitive to the photoacclimation 
status of MPB cells, that is, their light use efficiency at a given light level. This first modeling attempt 
to account for MPB photoinhibition is highly constrained by our current theoretical knowledge and 
limitations on the MPB growth physiology, but it suggests that this process can have a substantial impact 
on the MPB PP.
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•  Photoinhibition leads to a 20% 
(−0.79 10

3 t C yr1) decrease of 
MPB PP over the entire mudflat

•  The photoinhibition process 
in the model is sensitive to the 
photoacclimation status of MPB cells
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Krumme et  al.,  2008; Miller et  al.,  1996; Moncreiff et  al.,  1992; Perissinotto et  al.,  2003; Smaal & Zur-
burg, 1997). MPB also stabilize the sediment upper layer by excreting extracellular polymeric substances 
that bind silt and clay particles and decrease the probability of sediment erosion (Paterson, 1989).

Incident light reaching the sediment surface varies within a wide range of intensity and on a short-term 
basis (Kühl et al., 1994). MPB cells can be exposed to high light levels at the sediment surface (higher than 
2,000 μmol 2 1m sE   ; Laviale et al., 2015). In response, MPB use physiological photoprotective mechanisms 
and photoprotective behaviors through phototaxis (Kromkamp et  al.,  1998; Laviale et  al.,  2015; Perkins 
et al., 2001). The balance between physiological and behavioral photoprotection varies with MPB growth 
forms (Barnett et al., 2015; Cartaxana et al., 2011; Jesus et al., 2009; Serôdio et al., 2012). In sandy sediments, 
incident light penetrates up to 3,000 μm (Cartaxana et al., 2011) and MPB are mostly composed of epipsam-
mic diatoms that live in close association with sediment grains (Underwood, 2001) when free motile epipel-
ic diatoms dominate MPB assemblages in muddy sediments (Underwood, 2001) for which light is strongly 
attenuated (photic layer of 600 μm; Cartaxana et  al.,  2011). Whereas, epipsammic diatoms exhibit high 
physiological photoprotection and low behavioral adaptations as their motility is restricted to the sphere of 
the sediment grains (Barnett et al., 2015; Cartaxana et al., 2011; Jesus et al., 2009; van Leeuwe et al., 2008), 
epipelic growth forms migrate vertically within the sediment to meet optimal light conditions. To cope 
with excess light, diatoms dissipate the excess of energy from light mostly through the Non-Photochemical 
Quenching of chlorophyll fluorescence (NPQ), which corresponds to de-epoxidation of xanthophyll pig-
ments (diadinoxanthin to diatoxanthin) in the xanthophyll cycle (Lavaud & Goss, 2014). Diatoxanthin con-
tributes to reduce the excitation energy reaching the PSII reaction centers. In epipsammic growth forms, the 
NPQ physiological photoprotection is often higher that in epipelic growth forms, compensated by vertical 
migrations (Raven, 2011; Serôdio et al., 2001, 2012).

MPB photoinhibition occurs when the excitation of PSII reaction centers induced by high light levels out-
balances photoprotective mechanisms. Reactive oxygen species accumulate intracellularly and may cause 
the inactivation of PSII D1 protein involved in the protection of cellular structures. Thus, the decline of 
D1 protein and active PSII reaction centers decreases the photosynthetic efficiency and PP (Nishiyama 
et al., 2006). Photoinhibition of MPB photosynthesis was successfully measured in laboratory experiments 
(Frankenbach et al., 2018; Méléder et al., 2020; Serôdio et al., 2012). However, owing to the physiological 
and behavioral adaptations, it has rarely been observed in the field. Serôdio et al. (2008) reported in situ 
photoinhibition of an MPB assemblage due to incomplete recovery of the photosynthetic apparatus dam-
aged from a previous light stress. In addition to light levels, the duration of exposure is of key importance in 
inducing photoinhibition of MPB photosynthesis as the longer the exposure to saturating light the higher 
the photo-damages (Blanchard et  al.,  2004; Henley,  1993; Pniewski & Piasecka-Jȩdrzejak,  2020; Serôdio 
et al., 2012).

Investigating the impact of MPB photoinhibition in light of photoprotective mechanisms on MPB PP is of 
high interest to budget the contribution of intertidal MPB to the C cycle in the land-ocean continuum. The 
goal of this study is to explore the potential impact of photoinhibition on MPB PP at the entire mudflat scale 
to the light of our best theoretical knowledge. For this purpose, we use a regional coupled physical-biolog-
ical tri-dimensional (3D) model at high spatial resolution applied to the productive Brouage mudflat (NW 
France). In this study, we first describe the coupled physical-biological 3D model. Second, we describe the 
light environment over the studied mudflat and we assess the potential impact of photoinhibition on MPB 
PP. Finally, we discuss the spatial and temporal variability of MPB photoinhibition in the perspective of 
quantifying MPB PP from a synoptic (minute, hour, and day) to longer time scale (season, year, and decade) 
over large productive mudflats.

2. Material and Methods
2.1. Study Site

The study area is a shallow semi-enclosed sea on the French Atlantic coast called the Charentais Sounds 
Sea (Figure 1). The system is macrotidal and semi-diurnal with a tidal amplitude that ranges up to E  6 m 
during spring tides. The study site is the 42 2kmE  intertidal Brouage mudflat located in the South-Eastern 
part of the study area (Figure 1). It is made up of fine cohesive sediments (median grain size 17 μm and 85% 
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of grains with a diameter E 63 μm; Bocher et al., 2007) and characterized by a gentle slope (E 1/1,000; Le Hir 
et al., 2000) dominated by free motile epipelic diatoms.

2.2. Observations

In situ PP was measured by Méléder et al. (2020) on the lower shore of the Brouage mudflat (45E 53′11.20″N, 
1E 7′53.8″W; Figure  1) during spring and daytime low tides on May 5–6 and July 2–3, 2015. Méléder 
et al. (2020) derived nine PP estimates from C dioxide fluxes measured with benthic chambers at the air-sed-
iment interface. The sampling protocol is fully described in Méléder et al. (2020).

2.3. The Coupled Physical-Biological 3D Model

2.3.1. The MARS-3D Modeling System

We used the MARS-3D (3D hydrodynamical Model for Applications at Regional Scale) circulation model 
to simulate the physical environment over the numerical domain shown in Figure 1. It includes the cur-
rent velocity and direction, seawater temperature and salinity, tides, photosynthetically active radiation 
(PAR), and the mud surface temperature (MST). The model is a finite-difference model that solves the 
Navier-Stokes primitive equations under assumptions of Boussinesq approximation, hydrostatic equilib-
rium, and incompressibility (Blumberg & Mellor, 1987; Lazure & Dumas, 2008). A full description of the 
model is given in Lazure and Dumas (2008). The model was discretized into 100 m by 100 m horizontal grid 
cells and 20 E   vertical levels (terrain-following vertical discretization). Hourly atmospheric forcings (10 m 
wind speed, air temperature, atmospheric pressure at sea level, nebulosity fraction, relative humidity, and 

Figure 1. Bathymetry of the numerical domain of the model of the Charentais Sounds Sea (source: Service Hydrographique et Océanographique de la Marine). 
The study area is represented by the red box. The red point indicates the location of in situ observations from Méléder et al. (2020).
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solar fluxes) were provided by the Météo France AROME model (https://donneespubliques.meteofrance.
fr/). Along the open boundaries of the numerical domain, the model was constrained by the amplitude 
and phase of 115 harmonic tidal constituents from the cstFRANCE tidal model developed by the French 
marine service for hydrography and oceanography (SHOM; Simon & Gonella, 2007). Boundary and initial 
conditions of seawater temperature, salinity, current velocity, and sea surface height were provided by the 
MANGAE 2500 Ifremer model (Lazure et al., 2009).

2.3.2. The Mud Surface Temperature Model

A mud temperature model fully detailed in Savelli et al. (2018) was coupled with MARS-3D. Thermody-
namic equations detailed in Savelli et al. (2018) simulated heat fluxes within a 1 cm deep sediment layer. 
No horizontal fluxes were considered. During low tides, the simulated MST resulted from the heat energy 
balance that accounted for heat coming from the Sun and the atmosphere, leaving the sediment surface, 
from conduction between mud and air, and from mud evaporation. During high tides, the simulated MST 
was set to the temperature of the overlying seawater simulated by MARS-3D. The differential equation of 
heat energy balance between air and the sediment was solved by the MARS-3D numerical scheme. The 
comparison of the MST and PAR simulated by MARS-3D with space and time coincident in situ measure-
ments (Méléder et al., 2020; Savelli et al., 2020) suggests that the MARS-3D modeling system can represent 
with confidence the physical environment at the study site.

2.3.3. The MPB Model

A MPB model was also coupled with MARS-3D. The conceptual MPB model and related differential equa-
tions are fully detailed in Savelli et al. (2018). The MPB model simulated the MPB biomass in the surface 
biofilm (E S, mg Chl a m−2) and in the sediment first centimeter (E F, mg Chl a m−2), and the gastropod Peringia 
ulvae biomass (E Z, mg C 2mE  ) at the sediment surface. It accounted for vertical MPB migrations driven by di-
urnal and tidal cycles through exchanges of MPB biomass between E S and E F (Guarini et al., 2000). The MPB 
cells migrated upward within the sediment to form a productive biofilm during daytime low tides at the 
sediment surface. The MPB mass-specific photosynthetic rate bE P  (mg C (mg Chl a)−1 h−1) was constrained 
by MST (C) and PAR (W 2mE  ) according to the relationships of Blanchard et al. (1996) and Platt and Jass-
by (1976), respectively. In the model of Platt and Jassby (1976), the production-irradiance (P-E) relationship 
follows a sigmoid mathematical function in which photosynthesis saturates at the light saturation param-
eter ( kE E ), assumed to be constant over the year (100 W 2mE  ; Guarini et al., 2006; Savelli et al., 2018). The 
photosynthesis duration was determined by the mean time spent by MPB cells at the sediment surface (E  ) 
and was set to 1.5 h according to Blanchard et al. (2004). At nightfall or at the flood beginning, the MPB cells 
migrated downward from E S to E F. The P. ulvae grazing on the MPB biofilm was constrained by the simulated 
MST and MPB biomass in the biofilm.

2.3.4. Photoinhibition of MPB

In the MPB model, during the first 1.5 h of daytime exposure, photoinhibition did not affect the photo-
synthetic capacity b

maxE P . Beyond 1.5 h of daytime exposure, photoinhibition impacted MPB photosynthesis 
through a decrease of b

maxE P  only if PAR exceeded the light saturation parameter kE E  according to the model 
of Blanchard et al. (2004):
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where sE   is a time threshold (196 min) that drives the decrease of b
maxE P , and b

ME P  (mg C (mg Chl a)−1 h−1) is the 
maximum value of b

maxE P  when E t  . E  (0.028 1minE  ) is the inverse of the time for b
maxE P  to diverge from b

ME P . E   is 
a dimensionless parameter set at 2.69 that describes the photoinhibition intensity. The effect of MST on b

maxE P  
superimposed on the effect of light (Figure 2c).
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2.3.5. Model Set-Up

The initial conditions of the biological scalars E F, E S, and E Z were set to 100 mg Chl a 2mE  , 0 mg Chl a 2mE   
and 1,000 mg C 2mE  , respectively. The MARS-3D modeling system was spun-up from September 12, 2014 
00:00:00 UTC to January 1, 2015 00:00:00 UTC in order to converge toward balanced and realistic values of 
biomass on January 1 (Savelli et al., 2018, 2020). It was run from January 1, 2015 00:00:00 UTC to January 

1, 2016 00:00:00 UTC. Two runs were performed, with (E Photo run) and 
without (E NoPhoto run) MPB photoinhibition.

2.3.5.1. Spatial and Temporal Analyses

The simulated mudflat emersion duration and periods, PAR intensity, and 
MPB PP were seasonally integrated during daytime emersions in winter 
(January–March), spring (April–June), summer (July–September), and 
fall (October–December). The simulated data were, when needed, av-
eraged and integrated both in time and space over the whole Brouage 
mudflat or over three tidal ranges. Effectively productive mudflat pixels 
(annual MPB PP E  0; 35.8 2kmE ) were indeed divided in three equal are-
as (11.93 2kmE ) according to the mean duration of emersion simulated in 
2015 (Figure 3). Such a partitioning distinguished the upper shore that 
emerged more than 5.15 h per day from the middle shore (2.9–5.15 h per 
day) and the lower shore (E  2.9 h per day). Spring tides were identified 
when the simulated daily maximal water height at a given model grid cell 
exceeded the 91.5thE  percentile of simulated water height over the year. 
The spatio-temporal variability of the total amount of PAR (PAR integral) 
reaching each part of the mudflat was investigated along with the num-
ber and the duration of emersion periods per day during each season.

2.3.5.2. Sensitivity Analyses

We tested the sensitivity of the simulated MPB photoinhibition to kE E  and 
E  . kE E  and E   were indeed identified as sensitive constants for simulated 

MPB PP (Savelli et al., 2018, 2019). We performed 8 runs with photoin-
hibition in which kE E  and E   were varied while the other parameters were 
kept fixed at the value set in the reference E Photo run. kE E  varied within the 
observed range (2.5, 50, 150, 200 W 2mE  ; Savelli et al., 2018, and references 
within) and E   took values of 0.5, 1, 2 and 2.5 h. The model was run for  
the spring season, when the effect of photoinhibition on MPB was found 

Figure 2. Conceptual representation of photoinhibition as a function of PAR intensity and duration of exposure in the model.

Figure 3. Tidal ranges computed according to the simulated tidal level.
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to be the highest. The sensitivity of photoinhibition was assessed by comparing the simulated MPB PP from 
the 8 respective runs with that of the reference E Photo run.

3. Results
3.1. Light Environment on the Mudflat

In the model, the cumulated number of daytime emersion periods decreased seaward (Figure 4a). Annually, 
the lower shore emerged 242 E  143 times per year in average and rarely exceeded 1 daytime emersion pe-
riod per day (0.7 E  0.6 period per day) while the upper shore showed 516 E  40 emersion periods per year in 
average i.e., 1.4 E  0.6 daytime emersion periods per day. In spring and summer, the number of daily daytime 
emersions increased, especially on the middle and upper shores (Figure 4a).

The simulated daytime emersion duration also decreased seaward (Figure 4b). With 2,465 E  440 h of day-
time emersion per year in average, the upper shore emerged 6.8 E  2.6 h per day in average that was two- to 
five-fold longer than on the middle and lower shores, respectively (1,468 E  244 h and 465 E  338 h i.e., 4 E  

Figure 4. Distribution of the seasonally integrated simulated (a) Daytime emersion periods, (b) Daytime emersion duration (h) and, (c) Surface PAR (mol 
photons 2mE  ). The black contour lines delimitate the three tidal ranges.
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1.7 h and 1.3 E  1.4 h per day, respectively). The upper and middle shores emerged longer in spring-summer 
compared to the other seasons (Figure 4b).

Because of emersion periods and duration, the yearly PAR simulated by the model reaching the sediment 
surface was not spatially uniform over the mudflat (Figure 4c). Through the seasons, the simulated PAR 
decreased seaward across the mudflat (Figure 4c). The yearly PAR on the upper shore was 5,107 E  915 mol 
photons 2mE   in average (i.e., an integral of 6.1 1010  mol photons), which was two- and five-fold higher than 
on the middle (3,111 E  531 mol photons 2mE   per year in average i.e., an integral of 3.7 1010  mol photons) 
and lower (1,080 E  735 mol photons 2mE   per year in average i.e., an integral of 1.3 1010  mol photons) shores, 
respectively. The simulated values were the highest in spring and summer and the lowest in fall, especially 
on the middle and upper shores (Figure 4c). In spring-summer, the PAR at the mud surface represented 70% 
of the yearly PAR.

3.2. Spatial and Temporal Variability of MPB PP

In both the Photo and NoPhoto runs, the simulated MPB biomass was higher on the upper and middle 
shores than on the lower shore (Table 1). In the E Photo run, the highest decrease of MPB biomass occurred 
on the upper shore, where it decreased by 10% compared to the E NoPhoto run (Table 1). MPB biomass on the 
lower shore reached similar levels in the E NoPhoto and the E Photo runs. The simulated seasonal cycle of MPB 
biomass was characterized by a winter maximum and a summer minimum on each tidal range (Table 1).

In both the E NoPhoto and the E Photo runs, the mean simulated annual PP was higher on the upper (177.2 E  
64.2 and 124.8 E  46.2 g C 2 1m yrE    in the E NoPhoto and the E Photo runs, respectively) and middle shores (132.2 

E  29.4 and 113.5 E  19.7 g C 2 1m yrE    in the E NoPhoto and the E Photo runs, respectively) than on the lower shore 
(32.9 E  43.4 and 30.6 E  38 g C 2 1m yrE    in the E NoPhoto and the E Photo runs, respectively) (Table. 2).

3.3. Temporal Variability of MPB Photoinhibition

In the E Photo run, PP simulated over the whole mudflat was lower than 
in the E NoPhoto run for all seasons (Table 3). In the E Photo run, the yearly 
PP over the whole mudflat decreased by 20% (−0.79 310  t C) compared 
to the E NoPhoto run (Table 3). In both runs, the highest and the lowest PP 
were simulated in spring and fall, respectively (Table 3). MPB PP in win-
ter and spring accounted for more than 60% of the yearly PP (Table 3). In 

Run Season Upper Middle Lower All

E NoPhoto Winter 143.07 ± 89.6 117.5 ± 52.8 32.3 ± 48.2 43.2 ± 72.1

Spring 60 ± 32.6 75 ± 20.8 31.5 ± 35.6 24.6 ± 35.7

Summer 47.8 ± 28.1 58.2 ± 16.7 16.1 ± 21.5 18 ± 27.8

Fall 70.7 ± 39.3 75.4 ± 17.9 20.3 ± 28.2 24.5 ± 37.3

Annual 80.1 ± 64.7 81.2 ± 37.7 25 ± 35.3 27.6 ± 46

E Photo Winter 123.2 ± 72.1 109.3 ± 44 31 ± 45.2 38.9 ± 63.1

Spring 54.9 ± 30.7 72.3 ± 20 31.1 ± 35.1 23.4 ± 34.3

Summer 43.9 ± 25.5 55.2 ± 15.5 15.6 ± 20.8 16.9 ± 25.7

Fall 65.7 ± 36.6 72.4 ± 16.3 19.6 ± 27.1 23.3 ± 35.4

Annual 71.8 ± 54.3 77.1 ± 33.1 24.3 ± 34 25.6 ± 41.9

Table 1 
Mean Simulated (E  Standard Deviation) MPB Biomass in the Sediment First cm (mg Chl 2mE a  ) With (E Photo Run) and 
Without (E NoPhoto Run) MPB Photoinhibition

Run Upper Middle Lower All

E NoPhoto 177.2 E  64.2 132.2 E  29.4 32.9 E  43.4 108.8 E  79

E Photo 124.8 E  46.2 113.5 E  19.7 30.6 E  38 84.2 E  57.7

Table 2 
Mean Simulated Annual Primary Production (E  Standard Deviation)  
(g C 2 1m yrE   )
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the Photo run, the lowest and the highest PP decrease over the whole mudflat occurred in fall (−0.1 310  t C 
i.e., −17%) and spring (−0.31 310  t C i.e., −21%), respectively (Table 3).

The decrease of the yearly MPB PP simulated over the whole mudflat was higher during spring tides (−23% 
i.e., −0.49 310  t C) than during neap tides (−18% i.e., −0.31 310  t C; Table 4). In the Photo run, the PP de-
crease simulated during neap tides was the highest in spring (−21% i.e., −0.14 310  t C) and the lowest in fall 
(−11% i.e., −0.03 310  t C; Table 4). During spring tides, the PP difference between the E NoPhoto and E Photo 
runs did not show high variations over the seasons (E  −22%; Table 4).

3.4. Spatial Variability of MPB Photoinhibition

In the E Photo run, the simulated PP was lower than in the E NoPhoto run at all ranges of the mudflat (Table 3). 
PP decreased seaward as also simulated in the E NoPhoto run. The highest yearly PP was simulated on the 

upper shore in both the E Photo (1.39 310  t C) and E NoPhoto (1.95 310  t C) 
runs (Table 3). In both runs, the upper and middle shores accounted for 

E  90% of the yearly PP over the entire mudflat (Table 3). With photoin-
hibition, the decrease of yearly PP was higher on the upper shore (−0.43

310  t C, i.e., −29%) than on the middle shore (−0.21 310  t C, i.e., −14%; 
Table  3). By contrast, the decrease of yearly PP was low on the lower 
shore (−0.02 310  t C, i.e., −5%; Table 3).

Run Season Upper Middle Lower All

E NoPhoto Winter 0.58 0.43 0.12 1.13

Spring 0.71 0.55 0.15 1.42

Summer 0.36 0.3 0.06 0.73

Fall 0.29 0.23 0.05 0.57

Annual 1.95 1.52 0.38 3.85

E Photo Winter 0.41 0.37 0.11 0.89

Spring 0.5 0.48 0.14 1.11

Summer 0.26 0.26 0.06 0.58

Fall 0.22 0.2 0.05 0.47

Annual 1.39 1.31 0.36 3.06

Difference ( 310E  t C) Winter −0.17 −0.06 −0.01 −0.24

Spring −0.21 −0.07 −0.01 −0.31

Summer −0.1 −0.04 E  0.01 −0.15

Fall −0.07 −0.03 E  0.01 −0.1

Annual −0.43 −0.21 −0.02 −0.79

Difference (%) Winter −29 −14 −8 −21

Spring −30 −13 −7 −22

Summer −27 −13 E  −1 −20

Fall −24 −13 E  −1 −17

Annual −29 −14 −5 −20

Table 3 
Spatially and Seasonally Integrated Primary Production ( 310E  t C) Simulated on Each Tidal Range

Tidal range Winter Spring Summer Fall Annual

Neap tides −17 −21 −18 −11 −18
Spring tides −24 −22 −23 −21 −23

Table 4 
Primary Production Difference (%E ) Between the E Photo and the E NoPhoto 
Runs at Neap and Spring Tides
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3.5. Sensitivity of the Model to the Photoinhibition 
Parameterization

Simulated PP rates in both runs were compared with measured PP at 
a specific location on the lower shore in May and July 2015 (Figure 1). 
Simulated PP rates in the E NoPhoto and E Photo runs in days matching 
in situ measurements (164.8 E  66.7 and 134.3 E  64.3  mg C 2 1m hE   , 
respectively) were on average 29–23-fold higher than the measured 
PP in May 2015 (5.69 E  3.22 mg C 2 1m hE   ; Figure 5). In July 2015, PP 
simulated in the E NoPhoto run (41.3 E  43.6  mg C 2 1m hE   ) and in the 

E Photo run (23.9 E  23.4 mg C 2 1m hE   ) were higher than in situ PP (6.3 E  
0.3 mg C 2 1m hE   ; Figure 5). Simulated PP in the E Photo run was in aver-
age 18% and 42% lower than in the E NoPhoto run in May and July 2015, 
respectively (Figure 5). With photoinhibition, the model-observations 
gap was therefore reduced by 20% and 50% in average in May and July 
2015, respectively (Figure 5).

The simulated MPB PP from the 8 respective sensitivity runs was com-
pared with that of the reference E Photo run during the spring season, 
when the effect of photoinhibition on MPB was found to be the high-
est. In the E Photo run, the decrease of kE E  induced an increase of MPB 
PP (Figure 6). With kE E  set to 2.5 W 2mE  , PP increased by E 38% and E  
35% on the lower and the upper shore, respectively (Figure 6). With kE E  
set to 50 W 2mE  , PP increased by 10% on the upper shore and by 15% 
on the middle and lower shores (Figure 6). Conversely, increasing kE E  
to 150 W 2mE   induced a higher decrease of PP on the lower and middle 
shores (−12%) than on the upper shore (−9%; Figure 6). With kE E  set 
to 200 W 2mE  , PP decreased by 17% on the upper and middle shores 

and by 22% on the lower shore (Figure 6). With respect to the E   parameter, the lower E   the lower PP 
(Figure 6). With E   set to 0.5 h, PP decreased by 55% on the upper and middle shores and by 50% on the 
lower shore (Figure 6). With E   set to 1 h, PP decreased by 10% on the upper shore and by 2% on the 
middle and lower shores (Figure 6). With E   set to 2 h, PP increased by E  3% over the entire mudflat 
(Figure 6). With E   set to 2.5 h, PP increased by 8% on the upper and middle shores and by 4% on the 
lower shore (Figure 6).

4. Discussion
4.1. Spatio-Temporal Variability of MPB PP

Annual rates of MPB PP simulated in both the E NoPhoto and E Photo runs (108.8 E  79 and 84.2 E  57.7 g C 
2 1m yrE   , respectively) compare to previous reported estimates simulated at the same study site in 2008, 

2012, and 2015 (137.5 E  11 g C 2 1m yrE    in average; Savelli et al., 2018, 2019, 2020). They are also with-
in the range of PP estimates reported for other European mudflats (43.4–300 g C 2 1m yrE   ; Frankenbach 
et al., 2020, and references therein). Integrated over the whole mudflat (42 2kmE ), simulated PP is 3.85 and 
3.0610

3 t C in the E NoPhoto and E Photo runs, respectively. Such values compare to ecosystem-level MPB PP 
estimates reported by Frankenbach et al. (2020, 5.610

3 t C over 34 2kmE ) and Haro et al. (2020, 0.4510
3 t C  

over 13 2kmE ).

The seasonality of MPB PP depicted by the model is consistent with the one reported on the same mudflat 
by Méléder et al. (2020) using space remote sensing. In both the E NoPhoto and E Photo runs, the highest PP is 
simulated in winter and spring and represents E  65% of the yearly PP. The seasonal peak of PP is simulat-
ed in spring (1.42–1.1110

3 t C), which agrees with the spring bloom of MPB PP reported at the study site 
(Cariou-Le Gall & Blanchard, 1995) and on others Northern European mudflats (Echappé et al., 2018; van 
der Wal et al., 2010).

Figure 5. Measured and coincident simulated MPB PP (mg C 2 1m hE   ) at 
the study site investigated by Méléder et al. (2020) in May and July 2015. 
Red crosses correspond to the mean value for the corresponding period. 
Modified from Savelli et al. (2020).
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The simulated PP does not distribute evenly over the entire mudflat. PP is the highest on the upper and 
middle shores in both the E NoPhoto and E Photo runs due to more frequent and longer emersion periods. PP 
varies from 132 g C 2mE   1yrE   on the middle shore to 177 g C 2mE   1yrE   on the upper shore and from 113 to 125 g 
C 2 1m yrE    in the E NoPhoto and the E Photo runs, respectively. It contributes to 90% of the yearly PP simulated 
over the whole mudflat. A comparable spatial pattern was reported on a Brazilian sandflat, where PP rates 
measured with benthic chambers were the highest on the upper and middle shores (1.9–2.1 g C 2 1m dE    and 
1.3–2.2 g C 2 1m dE   , respectively) compared to the lower shore (0.24–0.27 g C 2 1m dE   ; Fonseca et al., 2008). 

2COE  fluxes measured on a Tasmanian mudflat at the air-sediment interface were also reported to be higher 
on the upper (up to 15,000 E mol 2 1m hE   ) than on the lower (up to 6,000 E mol 2 1m hE   ) shore, suggesting a 
higher benthic PP on the upper zone (Cook et al., 2004).

4.2. Temporal Variability of Photoinhibition

In the model, the effect of photoinhibition on MPB is the highest in spring over the whole mudflat. It results 
from both increasing light levels and highest seasonal amplitude of spring tides at this season. The high 
amplitude of spring tides exposes the mudflat to a longer light exposure and coincides to noon when daily 
irradiance is the highest in the day. Such conditions promote MPB photoinhibition over the entire mudflat. 
By contrast, neap tides characterized by two low tides with a small tidal range occurring early and late in the 
day when the light levels and exposure duration are too low to trigger photoinhibition. Nevertheless, light 
levels are low enough to limit MPB growth without any contribution of photoinhibition (Savelli et al., 2018). 
On a South Korean mudflat, Kwon et al. (2014) also reported low in situ MPB PP rates at low light levels 

Figure 6. Microphytobenthos primary production (MPB PP) difference (%) between the E Photo run and 8 runs set with photoinhibition characterized by 
different values of the light saturation parameter ( kE E ) and the mean time spent by MPB cells at the sediment surface (E  ) during the spring season. The black 
contour lines indicate the three tidal ranges.



Journal of Geophysical Research: Biogeosciences

SAVELLI ET AL.

10.1029/2021JG006443

11 of 16

during neap tides compared to spring tides. Our study suggests that spring tides conditions foster a higher 
MPB growth than during neap tides even if photoinhibitory light levels are more frequently reached.

The photoinhibition of MPB photosynthesis is often represented in P-E models by a decrease of photosyn-
thesis at saturating irradiances such as in Eilers and Peeters (1988) and Platt (1980) models. However, these 
models may overestimate the effect of photoinhibition on photosynthesis, as they do not take into account 
for the time of exposure and recovery. We adapted the photoinhibition model previously set for constant 
light conditions (Blanchard et al., 2004) to account for the light history experienced by MPB during a full 
low tide and a prolonged exposure time. Photo-damages in the model are characterized by a decrease of the 
photosynthetic capacity ( b

maxE P ) as a function of light exposure time. Such a model behavior is consistent with 
the decrease of the maximum quantum yield of PSII resulting from prolonged light stress observed in situ 
by Serôdio et al. (2008). In our study, the photo-damages simulated by the coupled model persist until the 
end of low tides. This result finds support in the work of Serôdio et al. (2008) that showed photo-damages 
experienced by MPB can alter its photosynthetic capacity until the early next emersion event. On the other 
hand, the observed recovery time of MPB photosynthetic efficiency can also occur within short time scales 
and reduce the time of photo-damages persistence (10–15 min; Ezequiel et al., 2015; Serôdio et al., 2012). In 
the absence of short-term recovery time, the model could have overestimated the effect of photoinhibition.

Regarding the relative consistency of the model of Blanchard et al. (2004) with literature, it appears to be the 
most appropriate model of MPB photoinhibition so far. However, as the model was estimated from epipelic 
diatoms suspensions, it differs from in situ conditions where photosynthetically active epipelic diatoms are 
arranged in biofilm at the sediment surface. The model captures therefore the theoretical light-response 
of MPB photosynthesis aside from light attenuation resulting from self-shading, migration behavior, and 
grain size (Forster & Kromkamp, 2004; Kühl et al., 1994; Serôdio, 2004). Laviale et al. (2015) and Serôdio 
et al. (2012) experimentally inhibited migration capacity of MPB biofilm cells and quantified a 20% decrease 
of the MPB quantum yield due to photoinhibition after a 3 h high light stress and a short recovery period  
(E  10 min). Their results are consistent with the 20% decrease of the MPB photosynthetic capacity after a 3 
h high light stress simulated by the model of Blanchard et al. (2004). Consequently, the agreement between 
the photoinhibition amplitude depicted by the model and literature suggests that the model can resolve with 
confidence the MPB photoinhibition in the absence of behavioral photoprotection. In addition, considering 
photoinhibition in the model contributes to reduce the gap between the seasonally parametrized MARS-3D 
model and synoptic measurements (Savelli et al., 2020). Aside from other drivers of MPB photosynthesis, 
such a convergence supports the hypothesis that MPB photoinhibition may occurred at the synoptic scale.

In the model, photoinhibition triggers when light levels exceed the light saturation parameter ( kE E ). kE E  was 
reported to vary seasonally accordingly to the photoacclimation status of MPB cells (Blanchard & Cari-
ou-Le Gall, 1994; Frankenbach et al., 2020; Pniewski et al., 2015). In the present study, according to Guarini 
et al. (2006) that did not detect any significant seasonal variations, kE E  does not vary throughout the year. 
This contrast between studies can be attributed to differences in measurement conditions (slurry methods, 
suspended cells, in situ). Biofilm or sediment can indeed hinder the theoretical light-response of MPB pho-
tosynthesis due to light attenuation resulting from self-shading, migration behavior, and grain size (Forster 
& Kromkamp, 2004; Kühl et al., 1994; Serôdio, 2004). Regarding the high uncertainties around photosyn-
thetic parameters estimation, it would be therefore too speculative to guess any changes of kE E . As a con-
servative approach, we preferred a model parametrization that was already validated with a constant kE E  
throughout the year (Savelli et al., 2018). Nonetheless, the sensitivity of the photoinhibition intensity to the 
photoacclimation status of MPB cells was simulated by making kE E  vary over the spring season. The sensi-
tivity analysis suggests that the lower the kE E  value the higher the simulated MPB PP. By using a low kE E , the 
simulated increase of MPB PP due to more efficient photosynthesis at low irradiance compensates therefore 
the MPB PP decrease associated to a lower photo-inhibitory light threshold.

Alongside the light threshold for photoinhibition, the E   parameter sets the light exposure duration beyond 
which the decrease of the photosynthetic capacity initiates in the model. We set E   to 1.5 h according to the 
model of Blanchard et al. (2004), who measured a decrease of the photosynthetic capacity under saturating 
irradiance in controlled laboratory conditions. In situ, E   is likely to vary, as suggested by the observed time 
evolution of the maximum PSII quantum yield (Serôdio et al., 2008, Sébastien Lefebvre, personal commu-
nication, 2017). In the coupled model, the E   parameter also sets the photosynthesis duration of MPB cells. 
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A decrease of E   translates therefore into a decrease of the duration of photosynthesis and thus of MPB PP. 
This effect was already showed in Savelli et al. (2019). The increase of E   affects moderately the MPB PP as 
its effects is limited by the low tides duration.

4.3. Spatial Variability of Photoinhibition

In our analysis, we distinguish the upper and middle shores (high cumulated irradiance, high MPB 
production, and biomass) from the lower shore (low cumulated irradiance, low MPB production, and 
biomass). Light was previously identified as the key abiotic parameter driving the transversal variabili-
ty in MPB PP on mudflats (Underwood & Kromkamp, 1999). In the coupled model, the upper and mid-
dle shores experience higher light exposure than the lower shore as they emerge longer and more fre-
quently. Consequently, the upper and middle shores are more productive than the lower shore, where 
PP occurs over shorter periods of emersion. Upper and middle shore light conditions are more favora-
ble for MPB in terms of photo-period compared to the lower shore (Underwood & Kromkamp, 1999). 
However, the longer and more frequent emersion periods simulated in the E Photo run on the upper 
shore lead to the highest decrease of the yearly MPB PP (−0.43 310  t C). By contrast, the simulated 
MPB PP decreases by 0.02 310  t C on the lower shore. In the absence of photoprotective mechanisms, 
this result suggests that photoinhibition has a higher impact on MPB PP on the upper shore than on 
the lower shore.

In the model, we assume that MPB photoacclimation is spatially homogeneous over the entire mudflat. 
However, the sensitivity analysis suggests that simulated MPB take advantage of low light acclimation ( kE E  
100 W 2mE  ) on the lower shore, which translates into more efficient photosynthesis at low irradiance. Fur-
thermore, the exposure duration on the lower shore is rarely long enough to induce photoinhibition since 
the emersion duration is shorter on the lower shore than on the upper shore. On the lower shore, simulated 
MPB only benefit from a low light acclimation ( kE E  100 W 2mE  ). Conversely, a high light acclimatation 
status is more detrimental to MPB PP simulated on the lower shore, because photosynthesis is less efficient 
at similar light levels. In laboratory experiments, Ezequiel et al. (2015) showed that the photoacclimation 
status of MPB cells determines their light preferendum and phototaxis. Although there is no field evidence 
that low light-acclimated MPB cells avoid photoinhibitory light levels, such a spatial variability of pho-
toacclimation in the model can temper or enhance the MPB capacity to cope with high light levels. Strong 
variations of the E   parameter have a greater effect on PP on the upper and middle shores, because MPB are 
longer exposed to photoinhibition at these tidal ranges.

Finally, combining photosynthetic parameters (i.e., light- and temperature-related parameters) along with a 
photoinhibition parameterization based on in situ MPB sampled on the upper shore of the Brouage mudflat 
provides a consistent parameterization of MPB photoacclimation and photoinhibition on the upper shore. 
Nevertheless, caution is required when applied to the middle and lower shores (Blanchard et al., 1997, 2004; 
Guarini et al., 2006). In addition, the lack of spatial variations in the MPB capacity to cope with stressful 
light levels may mis-estimate in the model the effect of photoinhibition.

4.4. The Effect of Mud Surface Temperature on Photoinhibition

In the model, the effect of photoinhibition on the MPB growth superimposes to that of thermoinhibition 
(Savelli et al., 2018). Such a combined effect finds support in field and laboratory observations. In spring 
and summer when high MST and desiccation driven by high and long exposure to solar irradiance prevail, 
MPB growth decreases owing to both photo- and thermoinhibition (Guarini et al., 1997; Underwood, 1994). 
Temperature higher than the optimal temperature for MPB growth lead to a decrease of the photosynthetic 
capacity (Salleh & McMinn, 2011) as a result of the de-activation of the C fixation enzymes as RUBISCO 
(MacIntyre et al., 1997). The photoprotective NPQ physiological mechanism also varies with temperature. 
At high temperature levels, some benthic diatoms species (Amphora cf. coffeaeformis and Cocconeis cf. sub-
littoralis) have a greater capacity to cope with high light levels through NPQ (Salleh & McMinn, 2011). The 
PSII photosynthetic apparatus and its structuring D1 protein can be altered by high light levels. The rate 
of D1 protein repair process is temperature dependent and it decreases with high temperature (Campbell 
et al., 2006). The exposure of MPB cells to high temperature could slow down the repair of the photodam-
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aged D1 protein and thus the subsequent recovery of the pool of active PSII (Jensen & Knutsen, 1993; Long 
et al., 1994). Finally, high temperature (E  35 C) reduce the MPB motility and thus their negative phototactic 
capacity to avoid photoinhibition under high irradiance levels (Cohn et al., 2003; Laviale et al., 2015). The 
detrimental effect of high MST on the cell motility is not accounted for in the model but might further be 
implicitly represented through a temperature-related representation of the migration capacity.

4.5. Impact of Photoinhibition on the Fate of MPB PP Over Large Productive Mudflats

With PP estimates ranging from (43.4–300 g C 2 1m yrE   ; Frankenbach et al., 2020, and references there-
in), MPB PP contributes up to one third of the total C fixation in coastal environments (including mud 
and sandflats, salt marshes, seagrass beds and kelp forests) of the northwest European shelf (236–841 g C 

2 1m yrE   ; Legge et al., 2020). While most of MPB PP is transferred to benthic and pelagic secondary pro-
duction and then respired back to the atmosphere, a part of C is retained in the system through molluscs 
shells calcification (Fodrie et al., 2017; Ware et al., 1992) or microbial recycling and reutilization by MPB in 
sediment surficial layers (Oakes & Eyre, 2014). MPB are therefore a pivotal pathway in the coastal C cycle 
and a reduction of MPB PP by 20% due to photoinhibition may significantly impact the quantity and nature 
of C available for other organisms. Consequently, the potential effect of MPB photoinhibition questions 
MPB C budgets estimated in the absence of photoinhibition and which can be exported to higher trophic 
levels (e.g., Saint-Béat et al., 2013) or to the coastal ocean (e.g., Saint-Béat et al., 2014; Savelli et al., 2019). 
Understanding drivers of MPB photosynthesis such as photoinhibition is therefore needed to improve the 
quantification of coastal C budgets and fluxes from a synoptic to interannual time scale.

5. Conclusions
This study is a first attempt to simulate the potential effect of photoinhibition on MPB PP and its spatial 
and temporal variability at the scale of a whole temperate mudflat under realistic field conditions using a 
3D physical-biological coupled model. In situ and laboratory estimates of the impact of photoinhibition 
on MPB PP are very limited due to the very synoptic nature of MPB dynamics. Nevertheless, we paid very 
careful attention to highly constrain the model with the high quality data/observations we have available so 
far to extrapolate laboratory knowledge to large mudflats encompassing marked spatial physical gradients. 
Some mechanistic processes such as behavioral adaptations, vertical light attenuation within the biofilm, 
and the alteration of the MPB ability to cope with stressful light levels due to high mud temperature and 
desiccation are not taken into account in the model, because such observations are even more limited. De-
spite these limitations, this first large-scale modeling study can be seen as a baseline for future studies that 
could help improve the predictive ability of models to quantify C budgets over large and very productive 
mudflats and provides key highlights on MPB PP sensitivity to photoinhibition across the mudflat ranges 
and over a full seasonal cycle:

1.  Characterized by longer and more frequent emersion periods, the upper and middle shores experience 
higher cumulated levels of incident irradiance than the lower shore over a year. At the mudflat scale, 
about 70% of the total annual irradiance reaches the mud surface in spring-summer

2.  With or without photoinhibition, the simulated yearly MPB PP is higher on the upper and middle shores 
than on the lower shore

3.  With photoinhibition, the yearly MPB PP decreases by 20% (−0.79 310  t C 1yrE  ) at the mudflat scale
4.  Photoinhibition leads to a higher decrease of the simulated yearly MPB PP on the upper shore (−29%, 

i.e., −0.43 310  t C 1yrE  ) than on the lower shore (−5 %, i.e., −0.02 310  t C 1yrE  ).
5.  Over the entire mudflat, the highest decrease of the simulated MPB PP is due to photoinhibition oc-

curring in springtime (−22%, i.e., −0.31 310  t C) and during spring tides (−23%, i.e., −0.49 310  t C) as 
emersion periods coincide with the highest daily amplitude of solar irradiance at noon

6.  Simulated MPB PP is sensitive to a decrease of the exposure time threshold for photoinhibition (E  ), es-
pecially on the upper and middle shores since they emerge longer and more frequently than the lower 
shore. On the lower shore, simulated MPB PP is sensitive to change in the light saturation parameter ( kE E )  
as it implies in the model a change in the simulated photoacclimation status of MPB cells.
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MPB photoprotective mechanisms are generally assumed as the main strategy of defense to prevent pho-
toinhibition. However, laboratory and field observations suggest that MPB photoinhibition overcomes the 
photoprotective mechanisms. Accounting for such fine physiological processes and their regulation by 
mud temperature might indeed lead to more realistic predictions of MPB PP by predictive models. This 
study suggests that resolving the scale of tidal ranges is necessary for a better understanding of how and 
to what extent photoinhibition can alter the MPB biomass and PP. Regional and high resolution 3D cou-
pled physical-biological models are being developed for this purpose but they still require observations for 
their parameterization and validation. Intertidal mudflats are remote and difficult to monitor over relevant 
space and time scales but space remote sensing offers promising perspectives. For instance, surveys of MPB 
dynamics in the next coming years will benefit the retrieval of photosynthesis derived from solar-induced 
fluorescence gathered from the FLuorescence EXplorer (FLEX) sensor (2023) in tandem with SENTINEL 
3 mission both carried by the European Space Agency. Such observations will help improve the models' 
ability to predict MPB PP and how climate change scenarios might impact future trajectories of the coastal 
C cycle.

Data Availability Statement
The model outputs presented in this study were archived in a ZENODO repository (http://doi.org/10.5281/
zenodo.4290770).
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